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EXECUTIVE SUMMARY

OBJECTIVES OF THE DEMONSTRATION

Over the past decade, much effort has been expeoerbllecting data and modeling soll
erosion resulting from military vehicle activitiesFour models are often recommended for
consideration and use by military land managerduding the Agricultural Non-Point Source
Pollution Model (AGNPS), CASCade 2 Dimensional (@2P), the Revised Universal Soil
Loss Equation (RUSLE), and the Unit Stream Poweedarosion Deposition (USPED) model.
While each of these has strengths, none is capsbf@edicting the initiation point of soll
erosion and predicting the location of potentialllygwsites. Based on the concept of
accumulating overland flow energy, an erosion pidénmodel (LS+) was calibrated and
validated for five military installations (Fort Beimg, Fort Hood, Fort Riley, Schofield Barracks,
and Pohakuloa Training Area). By integrating daten digital elevation models (DEMs) and
landuse/landcover (LULC) assessments in a geograpfurmation system (GIS) environment,
the nLS+ model determines where surface water runoff tremmstfrom overland sheet flow to
concentrated flow and, as a result, where the patefior soil erosion and gully formation is
highest.

The most common methods implemented by range menagéocate gullies on military lands
are air- and ground surveys. Both are costly abartintensive activities that require frequent
repetition as gullies tend to form dynamically agsult of interactions between the intensity and
location of maneuvers, intense rainfall events, stuwe content of soils, vegetation type and
health, and topographic relief. Gullies not onbntibute to soil erosion and water quality
problems, but are a cause of injury to soldiers dachage to equipment, especially during
nighttime maneuvers.

Application of the methods embodied in theS+ modelallows range managers to reduce the
size of, and prioritize, their survey areas by ®ng attention on sites most likely to develop
gullies. Because of the model’s flexible GIS fotpedditional spatial data layers such as troop
movements and vehicle tracking can be added toneehaodel performance and usability. The
tangible dollar value is time saved in locatingligsl The unknown savings comes in reduction
of injuries to soldiers and repairs to damaged@gent. ThelLS+ modeling approach can also
assist with siting BMPs designed to reduce soi$ierg thereby assisting installations in meeting
current, or future, sediment total maximum dailgddTMDL) requirements for streams leaving
federal lands.

Three quantitative performance objectives have beentified for this project. The first is to
identify the critical threshold for accumulatetiS+ values for each study installation. For this
first objective, thenLS+ model will be calibrated and validated indepenlyefdr each study
installation and the threshold for accumulatecs+ values corresponding best to known gully
locations calculated. The second quantitativegoerédnce objective determines whether a single
critical threshold for accumulated.S+ values is adequate for each installation study sithis
objective seeks to assess whether a single commicalcthreshold for accumulatedLS+
values is valid for all installations or whetheetimdividual installation threshold values are
statistically different i(e., place-specific). The third, and final, quantiati performance
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objective uses theLS+ model in a predictive mode to forecast areas whaliges are likely to
form in response to future military training eventdere, thenLS+model can be operated after a
training exercise and new areas of gully erosioedioted by using vehicle tracking data and
corresponding estimates of vegetation damage amdepth to modify the installation DEM and
LULC layers. The ability to predict future erosipaotential with thenLS+ model offers several
significant advantages to military installationsluding:

1) The ability to assess training land impacts frorhesiled training exercises given
current environmental conditions.

2) Providing a consistent and scientific basis toneste LRAM costs to repair and prevent
gully erosion on current, future, or rental tragpiands.

3) The ability to estimate and compare environmentapacts due to training events
associated with installation realignment or missthange.

An additional set of qualitative performance oljs are also in place. Accomplishment of the
first is dependent on the outcome of the seconatgative objective and, should installation-
specific criticalnLS+ thresholds be required for satisfactory model jotae accuracy, will
explore appropriate geographic regions where atitnd. S+ thresholds might be valid. The
second qualitative and final overall performancgdiive is the development and deployment of
a downloadable GIS tool that ITAM personnel cantosein thenLS+ model themselves.

TECHNOLOGY DESCRIPTION

Determining the overland flowpath of surface wateroff is a key process in erosion modeling
because concentration of overland flow is a printayse of soil erosion. The efficiency of best
management practices (BMPs) for preventing or mirimg NPS pollution, such as vegetated
buffer systems, is significantly affected by ovadaflow conditions. However, the ability to
classify varying flow regimes, from sheet flow toncentrated flow, is problematic because it is
difficult to quantify the energy content of runevhter.

The kinematic wave theory has proven to be a ugedbllfor assessing the process of overland

flow at varying flow regimes and, based on thisotlyethe relationshipL/ S° has been used to
categorize hydrological flow regimes into sheetwflor concentrated flow, where is
Manning’'s surface roughness coefficient for ovedldlow, L is the length of overland flow
(feet), andSis the slope.

Here, this relationship is inverted and the flowgth variable omitted$°° /n). Flow length is
replaced with profile curvature, a measure of tapphic shape parallel with the direction of
flow, to incorporate the influence of flow acceleva and deceleration on soil erosion and

deposition (S*°/ n) * C..or). This “enhancedLS equation” is operationalized in a GIS as a

multilayer raster calculation using classified LUL&d DEM data, with calculated values
summed in a weighted accumulation as simulatedffunavels along a flow path, thereby
indirectly incorporating flow length back into tktemputation. The relationship between actual
gully locations and accumulated. S+ values are then compared to develop a predictiveeino
and prediction map.
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The nLS+ model can also be used to predict the impact afréutraining events on overland
flow and the formation of new gully incision point&kelationships established in past research
between vehicle turning radius, vegetation damage, rut depth can be integrated within the
nLS+ modeling framework using standard GIS data pracgsand manipulation techniques.
The key input for this forecasting_S+ model is vehicle tracking data from global positigy
systems (GPS), collected during field exercisesjclwhcan be used to modify existing
installation DEMs and LULC maps. After modificat® to these input datasets are made, the
model is re-run and the results assessed by iatstall land managers to forecast the expected
impact of recent, or planned, military training eiges on gully formation. This new capability
benefits installations by helping make trainingaaresafer for soldiers and can assist range
managers in estimating costs associated with p@stise training area repairs.

The model, itself, is designed as a series of sulr-models for users who wish to predict the
current location of gullies or forecast the forroatof new gullies in response to a training event.
Data sets required for gully prediction include Ll@kand DEM inputs. From these data layers,
the Manning’'sn, slope, profile curvature, and other required rimiediate data products are
computed. In forecast mode, input data includdedfDEM and Manning's grid (output from

the model in prediction mode) and a form of vehitigcking data from GPS devices that
includes, at minimum, vehicle coordinates and viglocModel LULC and DEM inputs can be
obtained from nationally available geographic detasuch as the National Landcover Database
(NLCD) and National Elevation Dataset (NED) to mmze data acquisition and preparation
times.

DEMONSTRATION RESULTS

Gully data for selected installations were obtaifiesn ITAM staff and collected by project
personnel during site visits. To meet assumptadnsrmality required by statistical procedures,
these data were evaluated at each of three stagesmbve gully observations with outlying
values of flow length and flow accumulation usingracted descriptive values from outputs of
the nLS+ model runs . After pre-processing using NED DEiuts, 71 of 389 (18%) of the
original gullies sampled from all installations weexcluded from further analysis. The
remaining gullies for each installation € 318) were divided into calibration and validation
datasets with 30% of the total number of gulliesgeninimum of 10) used for model calibration
(n = 96) and the remainder for validatiom £ 222). Following pre-processing with DEMs
acquired by light detection and ranging (LIDAR) hads, 41 of 277 (15%) of the original
gullies sampled from all installations were excldideith 74 and 163 observations used model
calibration and validation, respectively. Projeesults for the set of quantitative objectives are
summarized in Table A and described below.
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Table A. Summary of results for project quantitative performance objectives.

Performance Objective

Success Criteria

Summary of Results

1. Identify the critical
threshold for accumulate)
nLS+values for each
study installation.

> 80% of gully locations
correctly identified for each
installation using the
installation specific critical
threshold.

The valid precision of the
prediction is dependent on
the spatial resolution of the
DEM with predictions
considered correct if located
within a one cell resolution
buffer distance of actual
gully sites.

Distances at which 80%
correct criterion was reache
using NED DEM inputs:

Fort Benning: 20 m
Fort Hood: 30 m
Fort Riley: 30 m
Kahuku Range: 20 m
Keamuku: 10 m

Distances at which 80%
criterion was reached using
LIDAR DEM inputs:

Fort Hood: 9 m
Fort Riley: 6 m
Keamuku: >12 m

d

2. Determine whether a
single critical threshold
for accumulatechLS+
values is adequate for al
study installations.

Between installation
variation of critical threshold
values and gully locations is
less than the within
installation variation.

ANOVA indicated
significantly differeninLS+
values among installations
when using NED DEM
inputs.

Kruskal-Wallis Chi-squared
analysis indicated
significantly differeninLS+
values among installations
when using LIDAR DEM
inputs.

3. Forecast areas wherg
gullies are likely to form
in response to future
military training events a

Pohakuloa Training Areq.

Success criteria from
guantitative objective #1.

Using actual vehicle tracking

data from maneuvers at
Keamuku Parcel, and
modified NED DEM and
LULC inputs, thenLS+
model forecasted 3
additional hectares of

erosion activity.
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At the NED DEM resolution, and considering all ad&dtions, 131 of 222 total validation gullies
(59%) were predicted to within 10 m of their actladation. This percentage increases to 79%
and 89% for distances within 20 and 30 m, respelstiv Mean distance to the correct location
ranged from a low of 4.93 m (Keamuku Parcel) taghtof 14.73 m (Fort Hood). Percentage
correct predictions (<= 10 m) for individual indédlons ranged from a high of 85% (Keamuku
Parcel) and a low of 50% (Fort Benning), with tbéal range in distances varying from 20 m
(Keamuku Parcel) to nearly 96 m (Fort Hood). Othly predictions for Keamuku Parcel met the
success criteria of having more than 80% of gulbgations correctly identified using
installation-specific accumulated.S+ thresholds within the required distance precisidinthe
precision condition is loosened to a distance wmad 2 times DEM cell resolution, model
success was also achieved at Fort Benning and KiaRakge. All installations reached the
minimum 80% prediction accuracy level at 3 times HED DEM cell resolution. Overall
model accuracy was 86%, though commission errortter predicted gully class was nearly
100%. Though the model suffered from extreme awestiption of gully locations, the total land
area identified as likely erosion sites ranged fitow of 496 ha (Kahuku Range) to a high of
16,862 ha (Fort Hood), with the total installatiarea susceptible to predicted gully erosion
falling between 12% (Fort Riley) and 21% (Keamulaudel).

For the three installations for which LIDAR DEMs ngeavailable — Fort Riley, Fort Hood, and
Keamuku Parcel Priority 1 Area — 98 of 162 validatgullies were predicted to within 3 meters
of their correct location. Correct predictionsremsed to 76% and 82% for distances within 6
and 9 m, respectively. Mean distance to the cotoeation ranged from a low of 1.64 m (Fort
Riley) to a high of 100.32 (Keamuku Parcel). Petage correct predictions (<= 3 m) for
individual installations ranged from a high of 75%ort Riley) to a low of 5% (Keamuku
Parcel), with the total range in distances varyinogn approximately 11 m at Fort Riley to over
303 m at Keamuku Parcel. No installation met th@ldished success criteria at the LIDAR
DEM resolution, however the 80% criterion was reatht 6 m at Fort Riley and 9 m at Fort
Hood. Overall model accuracy was very high 98%utfig again, the error of commission for
the predicted gully class was large. Again, despite tendency to greatly overpredict the
number of gully sites, the total land area predidte have high erosion potential ranged from a
low of 12 ha (Keamuku Parcel) to a high of 1,241 (Rart Hood), with the total estimated
installation area susceptible to predicted gulbsern ranging between 1-2% for all sites.

A one-way analysis of variance (ANOVA) test was dide compare mean differences in
accumulatedhLS+ values from gully locations across each instafatbased on data calculated
from NED DEM inputs. The resulting F test statisequaled 11.931 (numerator df = 4,
denominator df = 104.08@;value << 0.001) which allowed rejection of thelrhylpothesis that
installation mean accumulated S+ values were equal. A Tukey’'s Honestly Significant
Difference (HSD) test was performed to examine palssible pairwise differences between
installation means to help identify which instabhais) contributed most to the ANOVA result.
Values calculated for two installations — Fort Beignand Fort Hood — contribute most to the
difference. While Forts Benning and Hood are samtb each other, they were significantly
different in all pairwise comparisons except forhkiku Range-Fort Benning. Fort Riley,
Kahuku Range, and Keamuku Parcel had comparable aeamulatedL S+ values.
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A non-parametric Kruskal-Wallis one-way ANOVA tegas used to test the equality of median
accumulatechLS+ values of gullies at three installations usingadiabm LIDAR DEM model
runs. The calculated Kruskal-Wallis chi-squarest sgatistic of 89.67 (df = 2, p-value << 0.01)
allowed rejection of the null hypthosis indicatitigt installation accumulated-S+ values were
significantly different. As was the result with REderived nLS+ values, dfining a single
critical threshold for log-transformed accumulateddS+ values is not appropriate for the
installations studied and using LIDAR DEM inputs.

Three Stryker vehicles from a reconnaissance piatfothe 3 Brigade of the 28 Infantry
Division were tracked during an off-road proofingseion on Keamuku Parcel using GPS-based
tracking systems to determine vehicle movemenepatand estimate soil loss. Track data were
recorded by GPS and received as a text file withggggphic coordinate information acquired at
approximately one second intervals. Each GPS deadso included measures of vehicle
velocity (VEL) and course over ground (COG) alonithva detailed date/time stamp identifying
when the position record was acquired. Rut deRfD)(was calculated as a function of vehicle
turning radius based on a known relationship betwibe inside and outside tracks for a Light
Armored Vehicle (LAV). Impact severity (IS) scoregere also calculated based on turning
radius and vehicle velocity estimates to estimagegercentage of soil and vegetation damaged
during off-road maneuvers. The IS and RD estimbss®d on the GPS tracking data were used
modify the original Manning’'ss and NED DEM input layers used in an earh&S+ model run

for Keamuku Parcel to better reflect post-manelsedscape conditions. The model was re-run
using these modified DEM and Manningiggrids using the previously calibrated and validate
installation-specific accumulatedl S+ threshold values. This “re-analysis” of model fesu
showed an additional 326 cells that were candidats for gully erosion. Given the 10 m
spatial resolution of the NED DEM used, this trates$ into an additional 3.26 ha of new land
area that may be subject to active erosion or apmately 0.12 ha per off-road kilometer
travelled by the maneuvering vehicles.

Because earlier results showed that a single aritiveshold for accumulated-S+ values was
not valid for all study installations, using eithED or LIDAR DEM inputs, methods were
explored for regionalizing the installation-specifinresholds to make model results more
applicable at new locations. It was initially thyhi that ecoregion boundaries might serve as a
useful framework for extending model results. Hwere results from a Jaccard dissimilarity
index and installation characteristics such as sgdrologic group, landcover type, and slope
indicated that using common biogeophysical propsr@.g.,ecoregions) as the means to make
installation critical NLS+ values, as computed here, more spatially expliaguld not be
successful. Since ecoregionalization of critich5+ threshold values does not hold promise at
this time, two different techniques were appliedhédp visualize how these thresholds might be
applied in a more spatially continuous manner stFgcoregions were linked to each installation
based on a Euclidean distance allocation and asitivat installation’s threshold values. The
second approach used a thin-plate spline radiak basction (RBF) interpolation method to
create a spatially continuous threshold estimate.

The nLS+ model was developed with the ArcGIS 10.0 (EsridiReds, CA) suite of GIS
software applications routinely utilized across Bement of Defense (DoD) agencies and
installations. The model is packaged as “toolbwxth multiple sequenced tools than can be
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downloaded and used on a local computer workstatisming ArcGIS version 10.0. The
toolbox and associated modeling tools also incluglesntegrated help system to explain the
underlying processes, data requirements, and reenwations for default settings or values as
they apply to execution of the model. Feedbackfiostallation ITAM GIS technicians helped
shape the final form of the modeling tool as a eage of smaller and quicker performing sub-
models rather than one large model. Comments aedtigns generated during site visits were
very useful during creation of the integrated hedpstem to guide users through the
geoprocessing procedures.

The final model — Rapid Soil Erosion Assessmentld@o — is comprised of six total sub-
models labeled within the toolbox by number anié.titUsers run the model and arrive at final
results by executing each sub-model in numeric esecpl from #1 (Prepare Filled DEM) to #4
(Predict Gully Locations). Sub-models #5-6 canuksed to forecast future gully locations by
modifying the installation DEM and Manning’s grid with GPS-derived vehicle tracks.
Average run time for the model, including all subdels and assuming a non-LIDAR DEM and
satellite resolution landuse/landcover grid for itngallation is already on hand, ranged between
1.1 and 8.3 minutes on a typical desktop computgkstation. When working with spatial data
at the spatial resolution of installation LIDAR dsaéts (3 m), processing time was 3-4 times
longer in duration.

IMPLEMENTATION ISSUES

Project results were largely positive, despite meeting the success criteria established for all
performance objectives. One issue that remains witerpreting model results is the large rate
of false positive gully predictions.€., errors of commission). Despite this issue, wheeduas a
guide to identify areas with the most potential goitly erosion, the model results support time
and cost savings by significantly reducing the Itai@a of land being considered for more
frequent and/or intensive field monitoring. Als@hicle tracking data is not routinely collected
by installations and made available to ITAM stadf dupport model use in “forecast” mode.
However, thenLS+ model represents a tool available now to militampd managers that
promotes training land sustainability by demonsimatthe data types, analytical methods,
visualization tools, and information delivery meplsans that could become routine across
installations for assessing training land conditaord trends. One installation — Fort Riley —
already incorporates the model in assessmentsiarssion potential and as a tool for planning
gully surveys in the field. For maximum benefitist single method needs to be complemented
with others that together form a coordinated saftenvironmental/sustainability indicators for
key monitoring themes that can be collected, assesmnd synthesized to help identify when,
and where, sustainable use of training lands ,gnot, being achieved.

During the course of this project, it was cleart tha consensus definition for the term “gully”
exists among installation natural resource managéomtributing to this inconsistency might be
the varying definitions for, and meanings behintg terms “gully” and “gap” presented in
military literature, along with the different diptinary perspectives held by the land managers
themselves. In addition to this definitional comcetremendous variability exists in how
installation land managers and GIS technicians oreasnd record gully information. The by-
product of this inconsistent definition and lackbefst practices for recording gullies are datasets
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that differ considerably in spatial, temporal, aamttiibute quality. Much of the variation in
model results reported in this study is attributedhis lack of a common definition, as well as
differences in how gullies are recorded in thedfiahd then represented in digital form. The
gully definition presented in this report, informédth the agricultural sciences and military
mobility restrictions, should be considered fori@é&l adoption. Further, a geodatabase structure
should be proposed and shared with installationsnf@rce more uniform documentation of
gullies with a minimum set of geometries and attids.

If the nLS+ model finds widespread use across installatidnis,important that an organization
be identified to maintain the model and make anyatgs and/or revisions necessitated by future
GIS software versions. As with any GIS-based méatelvhich installation use is expected, the
nLS+ model is an ideal candidate to be delivered to usets as a Web-based geoprocessing
service made available, and maintained, by a demtrdaronmental organization. Uniform data
and information products could then be delivereca@theduled basis to installations for action.
All data products required by tim.S+ model, and other environmental/sustainability iathcs,
could be stored in a geospatially-enabled relatidatabases to facilitate access to current data.
Storing data in the geospatially enabled relatictetihabase supports distributed viewing and
editing by land managers and their staffs, as a&Mistribution via mapping and geoprocessing
web services similar to the “Integrated TraininggAmManagement (ITAM) Map Viewer” Web
application used by Fort Riley (http://services g&su.edu/frk_rtla).

Most of this project was conducted during an exeignvolatile period for installation ITAM
staffs. Frequent changes in ITAM personnel, iniclgddirectors, and significant reductions in
the number of GIS staff members was a near univeEsae at each installation participating in
this effort. While certainly a factor in the exéom of this project, continued staffing issues for
any installation office interested in better undamsling the spatial and temporal dynamics of
gully formation will discourage widespread adoptiamd use of model-based natural resource
management tools. Prerequisites for successfuleimmgntation include technical staffs with
training in GIS as well as administrative leadesovboth see value in the approach and can
effectively use model output to improve land rehidtion planning and budgeting efforts.
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1.0 INTRODUCTION

This section is intended to provide a general ae&nof the project. Specific subsections,
including project background, demonstration objexdj and regulatory drivers are described.

11 BACKGROUND

The 2000 National Water Quality Inventory reportadt 40% of the nation’s water bodies do
not meet water quality standards and identified-poimt source pollution (NPS) as the leading
cause of surface water degradation (USEPA 2000\er Q90,000 miles of river, almost
7,900,000 acres of lake, and 12,500 square milegstiary failed to meet water quality
standards. Military training maneuvers have theemptial to significantly alter land surfaces,
reduce quality and promote NPS pollution, resulim@ reduction of training land quality and
the inability of military installations to meet veaitquality standards as defined by current, and
future, TMDLs mandated in Section 303(d) of the A@€lean Water Act.

Military readiness depends upon high quality tragni A prerequisite of effective maneuver
training is repetition and a large land base, whickates intense stress on military lands.
Environmental protection requirements place add#igestrictions on land use and availability.
Because military training schedules are set welldmance to make the best use of installation
training facilities and National Training Centetbere is little flexibility to modify training
events while maintaining readiness. Managementtipes are required that allow for high
military training tempos while protecting surfaceater quality and reducing NPS pollution
generation.

In order to meet this need, the military initiatdte Integrated Training and Management
(ITAM) program with the overall goal to achieve mptim sustainable use of military lands. The
ITAM program provides Army range officers with tleapability to manage and maintain
training lands while supporting mission readine§BAM integrates mission requirements with
environmental requirements and environmental managé practices, and establishes the
policies and procedures to achieve optimum, sustdenuse of training and testing lands. There
are multiple components of ITAM including TrainifRequirements Integration (TRI), Range
and Training Land Assessment (RTLA), Land Rehatibh and Maintenance (LRAM),
Sustainable Range Awareness (SRA), and Geograploicriation Systems (GIS).

TRI is the component of the ITAM Program that pdms a decision support procedure for
integrating training requirements with land managetntraining management, and natural and
cultural resources management processes and dataddéom RTLA and Army Conservation
Program components. TRI supports the Army's requénts for environmentally sustainable
training lands. The goals for TRI are twofoldt) o ensure sustained accessibility to adequate
training lands to support training to standards eunckalistic natural conditions, and (2) to
provide military trainers and land managers witle thecessary technical and analytical
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information to integrate doctrinally based traingugd testing with land constraints and quantify
training land carrying capacity.

RTLA programs are focused on training support aaching land management, and may be used
to support National Environmental Policy Act (NEPAhd other compliance and planning
efforts related to Army transformation, restatiapirand realignment. Current policies allow
installation-level land managers and range operatistaffs to determine how they can best
collect and use resource data to support foundatiolong-term, and site-specific land
management decisions such as training area albogdtaining area use, and land rehabilitation
effectiveness. Analyzing the impact of militaryaiting on soil erosion is part of the RTLA
program. Over the past decade a great deal oftdifts been given to collecting data and
modeling soil erosion from track vehicle activitj Tri-Service CADD/GIS Technology Center
recently technical report (Dat al.,1999) that evaluated the applicability of seveal erosion
models for use on military lands. The report reocwmnds four models for consideration by
military land managers: AGNPS, CASC2D, RUSLE, &9PED. Each of these models has
strengths to consider. However, none of the modetapable of predicting the initiation point
of soil erosion and locating potential gully siteMore recent information concerning erosion
modeling and gully location tools on military langias not found.

Currently, range managers send personnel to tletbesurvey training lands and locate gullies.
This is a constant and labor intensive process uly gevelopment is a dynamic process
influenced by a variety of factors including maneuvocations and intensities, rainfall, soll
moisture content, vegetation type and health, apddgraphic relief. Gullies not only contribute
to soil erosion and water quality problems, but @reause of injury to soldiers and damage to
equipment when a gully of sufficient depth is enteved during maneuvers, especially at night.

1.2 OBJECTIVE OF THE DEMONSTRATION

Based on the concept of accumulating overland #m&rgy, an erosion potential model was
developed for Fort Riley, Kansas as part of a mekegroject funded by the Strategic
Environmental Research and Development Program DBERI 1339 — Assessing the Impact of
Maneuver Training on NPS Pollution and Water QualitBy integrating data from DEMs and

LULC assessments in a GIS environment, the mode&raéned where surface water runoff
transitioned from overland sheet flow to conceetlaflow (.e., transitional flow) and, as a

result, where the potential for soil erosion antlygiormation was highest.

This model was calibrated and validated with figéda from two watersheds near Fort Riley and
was shown to be successful in identifying the loratof gullies (Steicheret al. 2009).
However, additional assessment of model performaneeecessary to ensure results are valid
outside of the Flint Hills ecoregion (Omernik 198i@)which Fort Riley is located. The first
objective of this project is to run the erosiongmdital model for additional military installations
selected from regions with different precipitaticggimes, landcover conditions, topographic
characteristics, and solil types.

A second objective is to operate the erosion patemodel in a predictive mode to better assess
the impact of military training activities on futugully formation. To accomplish this, vehicle
tracking data from Stryker vehicle proofing manasveonducted at Pohakuloa Training Area in
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Hawaii were obtained and used to modify currenttaifetion DEMs and LULC maps.
Anticipated changes to the land surface as a re$ulte wheeled vehicle maneuvers is derived
from both past research and concurrent work (ESTC&posal #08 E-S13-030, Vehicle
Dynamics Monitoring and Tracking System (VDMTS):oMtoring Mission Impacts in Support
of Land Management).

1.3 REGULATORY DRIVERS

Since the passage of the National Environmentatyéict (NEPA) in 1969 and the publication
of US Army Regulation 200-2 (Department of Army 898the military has been required to
minimize or avoid both short and long-term enviremtal impacts caused by military training.
Because there is a limited amount of available f@ndnilitary training, it is in the Army’s best
interest to protect these areas to fulfill theirsgidn requirements for realistic training and
testing. Additionally, the Clean Water Act (197&)d the Clean Water Act Amendments of
1987 require control of non-point source pollut{diPS).
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20 TECHNOLOGY/METHODOLOGY DESCRIPTION
Demonstration technology and methodology is desdrih the following section.
2.1 TECHNOLOGY/METHODOLOGY OVERVIEW

Determining the flow path of surface water runaffai key process in erosion modeling because
the concentration of overland flow is a primary sawf soil erosion (Abrahams and Atkinson
1993, Bennettet al., 2000). The efficiency of best management prasti@VPs) such as
vegetated buffer systems for minimizing, or preuwentNPS pollution is significantly affected
by overland flow conditions (Abrahams and Atkinsi893, Abrahanet al., 1999). However,
the ability to classify varying flow regimes, frosheet flow to concentrated flow, is problematic
due to the difficulty of quantifying the energy ¢ent of runoff water (Meyeet al. 1999).

Many researchers have shown that the kinematic waa@ry is a useful tool for assessing the
process of overland flow at varying flow regimesaguna and Giraldez 1993, Wong and Chen
1999, Singh 2001). Based on this theory, McCued &piess (1995) showed that the
relationship of nL/S% effectively categorized hydrological flow regimestd sheet flow or
concentrated flow (Figure 1), whereis Manning’s coefficient for overland flow, is the length

of overland flow (feet), an8is the slope.

Figure 1. Schematic illustrating the difference beveen sheet and concentrated flows.

In this project, the equation presented by McCued Spiess (1995) is inverted and the flow

length variable omitted%®* /n). Inversion allows the smoother surfaces withdoManning’s

n coefficients {.e., potential for more soil erosion) to yield highengputed values than rougher
surfaces (higher Manning's coefficients) and is important for determining Xmaum value’
thresholds for potential gully erosion. Flow lemgg eliminated from the equation and replaced
with profile curvature, a measure of topographiepsh parallel with the direction of flow, to
incorporate the influence of flow acceleration ateteleration on soil erosion and deposition

(Mooreet al.,1991). The values from this final modified formtb equatior(S®*/ n) * Coqor »

are then summed in a weighted accumulation as atedilrunoff travels along a flow path,
thereby indirectly incorporating flow length backa the computation:
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Z (S™/1) * Copor

where:

S=slope grade

n = Manning’sn surface roughness coefficient
Cpror= profile curvature

This enhancedLSequation (abbreviated from here onna$+) is operationalized in a GIS as a
multilayer raster calculation using classified LUld@ta and DEMs. Slope is calculated from a
DEM using a 3 x 3 cell neighborhood and the avenagximum technique (Burrough and
McDonnell 1988). Classified LULC dataset provithe trelevant Level | or Level Il landcover
types (Andersomt al.,1976) on a cell-by-cell basis for an entire stagga. This nominal data
is reclassified into quantitative estimates of Magis n by using a look-up table of coefficient
values (Table 1) (Arcement and Schneider 1984, Emgh®86, Fostest al. 1985, McCuen and
Spiess 1995). Profile curvature is also calculated cell-by-cell basis based on a fourth-order
polynomial derived from a 3 x 3 window of DEM eléwm values (Zeverbergen and Thorne
1987).

Table 1. Manning’s coefficients i) used in this study for representative LULC classe
contained in the National Landcover Dataset (NLCD Q06).

Landuse/Landcover Class n Landuse/Landcover Class n
Open Water 0.0001] Shrub/Scrub 0.13
Developed High Intensity 0.015] Hay/Pasture 0.13
Developed Medium Intensity 0.01§ Herbaceous 0.24
Developed Low Intensity 0.05 Woody Wetlands 0.4
Developed Open Space 0.05 Emergent Herbaceousntfetla 0.4
Barren Land 0.05 Evergreen Forest 0.4
Cultivated Crops 0.06 Deciduous Forest 0.5
Mixed Forest 0.12

The computechLS+ output grid represents a unitless estimate ofserfunoff water energy as
it flows downslope. These individual cell-basecrgy estimates, linked by the direction of
overland flow, can then be summed in the fashioma @feighted flow accumulation grid. To
accomplish this, the D8 algorithm (O’Callaghan avidrk 1984) is used to create a flow
direction grid that estimates the direction of watew from cell-to-cell {.e., “upstream” to

“downstream”) using slope and aspect informatiammfra DEM input. Individual cell values
computed from slope, Manning’s coefficients, and profile curvature are then sumnhed

generate a weighted flow accumulation grid whereheautput cell is populated with a value
equal to the summed energy of cells flowing intofrdm the “upstream” direction. The
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relationship between actual gully locations anduaudated energy are then compared to
develop a predictive model (Figure 2).

Figure 2. Results ohLS+ model from Fort Riley, Kansas.
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This modeling approach is designed to use commagrgehic dataseteg., NLCD, NED)
based upon 10-30 meter grid cell resolution sodeta. Because thd.S+ model has few input
requirements, for which easily accessed datasets\ailable nationwide, data acquisition and
preparation times can be minimized compared tor@hkisting erosion modeling approaches.

The nLS+ model can also be used to predict the impact afréutraining events on overland
flow and the formation of new gully incision point§he ecological impact of military vehicle
maneuvers has been well studied (Ayatral.,2005a, Ayer®t al.,2005b, Rice and Ayers 2005,
Riceet al.,2006, Liuet al.,2009). The relationships quantified by theseistidetween vehicle
turning radius and both vegetation damage and epthdcan be seamlessly integrated with the
nLS+ modeling framework using standard GIS data praegsand manipulation techniques.
Inputs for the predictiveLS+ model can include GPS-derived vehicle trackingadabtained
from field exercises or comparable computer sinmtet which can be mapped and used to
modify existing installation DEMs and LULC maps.hél basis for these modifications comes
from previous research that evaluated land surfaléerations by vehicle type, operating
characteristics, and soil conditions.

After modifications to these input datasets are endldenLS+ model is re-run and the results

assessed by installation land managers to forebasexpected impact of recent, or planned,
military training exercises on future gully formaii Such information benefits installations by
helping make training areas safer for people andpegent, and can assist land managers with
estimating the costs associated with post-exetagging area repairs.
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2.3 ADVANTAGES AND LIMITATIONS OF THE METHODOLOGY

Currently, locating gullies is a time-consuming guatentially dangerous task if conducted on
the ground and very expensive if completed visaivey. Application of the user-friendly tools
demonstrated in this project allows land managersetiuce the size of, and prioritize, search
area by focusing attention on sites most likelyd&velop gullies in accordance with the
biophysical characteristics of the training areBecause of the model’'s flexible GIS format,
additional spatial data layers such as troop mowesheshicle tracks can be easily added to
enhance the model performance and usability. dhegilble dollar value is time saved in locating
gullies. The unknown savings comes in reductiomjpiries to soldiers and repairs to damaged
equipment. ThelLS+ modeling approach can also assist with siting BM@signed to reduce
soil erosion, helping installations meet current] &uture, sediment TMDLs for streams leaving
federal lands.

The ability to predict future erosion potential kvithe nLS+ model offers several significant
advantages to military installations including:

4) The ability to assess training land impacts fronheslitiled training exercises given
current environmental conditions.

5) Providing a consistent and scientific basis toneste LRAM costs to repair and prevent
gully erosion on current, future, or rental tragpiands.

6) The ability to estimate and compare environmenmapacts due to training events
associated with installation realignment or missibange.

Financial considerations can be expanded from amaythe expected expense of only one
exercise to predicting annual and/or re-occurriogts by simulating multiple training exercises.
Other federal and state environmental and natessdurce agencies may find theS+ model
useful for assessing impacts caused by specifit laanagement decisions such as identifying
lands for the Conservation Reserve Program (CR&pahy erosion risks associated with forest
clear cut, road building, and off-road all-terraehicle (ATV) operations.

The nLS+ model was developed using, and for, the ArcGI® 1Hsri, Redlands, CA) suite of
GIS software applications that are routinely uéitizacross U.S. Department of Defense (DoD)
agencies and installations. Because of this, thdemitself can be delivered in a variety of
forms, including as an ArcToolbox “tool”, a Pythatript, or as an ArcGIS ModelBuilder
graphic model.

An interesting part of this demonstration includeselopment of an ArcGIS Server application
to delivernLS+ modeling capability to a large number of usersraatworks through a single
shared system. This prototype delivery methodlifat@s the technology transfer process by
centralizing model development and maintenanceplgyimg model use, facilitating access to
required input datasets, and eliminating the neeg@hysically distribute executable files and
updates.
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3.0 PERFORMANCE OBJECTIVES

The performance objectives outlined in Table 2 @spnt the means and metrics by which the
successful demonstration of this project will bedmaA total of five performance objectives are
described, including the objective, the metric&axiated with each objective, a list of the basic
data required to realize the metric(s), and theifiperiteria by which the successful completion
of each objective may be evaluated. More detabgulanations of the data analyses supporting
assessments of the performance objectives are npeesean Section 6.0 (Performance
Assessment).

Three quantitative performance objectives have beentified for this project. The first is to
identify the critical threshold for accumulatadlS+ values for each study installation. For this
first objective, thenLS+ model will be calibrated and validated indepenlyefdr each study
installation and the threshold for accumulateds+ values corresponding best to known gully
locations calculated. The installation-level daquired to accomplish this objective includes:

» Digital elevation data, in the form of a DEM, thedn be obtained from the USGS
National Elevation Dataset (NED) (http://ned.usgs)gr local products of higher spatial
resolution or currentness.

» Digital LULC maps, in the form of the 2006 NLCD athcan be obtained from the Multi-
Resolution Land Characteristics Consortium (MRU@)://www.mrlc.gov) or local
products of higher spatial resolution or currengnes

 Manning’'s surface roughness coefficients), (obtained from the literature that
correspond to each NLCD LULC type present acrdsstiadly installations.

* Global Positioning System (GPS) derived coordinédegnown gully locations collected
by installation ITAM personnel. If such data doest exist for an installation, project
personnel will obtain sufficient data for model ibedtion and validation during
scheduled site visits.

This objective will be successfully accomplishedewta critical threshold for accumulatedS+
values is both identified and able to correctlydicethe location of 80% of known gullies at
each installation. Model prediction accuracy assents will be determined by using a GIS to
measure the distance between an actual gully andeidrest predicted location. The spatial
precision of the predicted location of a gully epeéndent on the spatial resolution, or grain, of
the DEM used during model operation. Gully predits will be considered to be correct if
located within a one cell resolution buffer distaraf an actual gully site in a “Queen’s Case”
scenario. For example, if a DEM with a 10 meteatisp resolution is used as input into the
nLS+ model calculations, then a prediction within 10t@ng in vertical or horizontal direction, or
1.4 times the cell resolutiore.g., 10.4 meters) diagonally, would be a correct ideatiion
(Figure 3).
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Table 2. Project performance objectives.

Performance : . o
Objective Metric Data Requirements Success Criteria Results
Quantitative Objectives
1. Identify the Correspondence Installation > 80% of gully Distances at

critical threshold
for accumulated

between the
installation specific

digital elevation
models.

locations
correctly

which 80%
correct criterion

nLS+values for | critical threshold Installation identified for was reached
each study value and gully landcover maps. each installation using NED DEM
installation. locations Manning’s using the inputs:
surface roughness  installation
coefficients () specific critical Fort Benning: 20
for installation threshold. m
landcover types. The valid Fort Hood: 30 m
Ground truth precision of the Fort Riley: 30 m
dataset of actual prediction is Kahuku Range:
gully locations. dependent on the 20m
spatial resolution Keamuku: 10 m
of the DEM with
predictions Distances at
considered which 80%
correct if located criterion was
within a one cell reached using
resolution buffer LIDAR DEM
distance of actual inputs:
gully sites.
Fort Hood: 9 m
Fort Riley: 6 m
Keamuku: >12 m
2. Determine Correspondence Computed Between ANOVA
whether a single | between a single accumulatedLS installation indicated
critical threshold | critical threshold values for each variation of significantly
for accumulated | value and gully known gully critical threshold differentnLS+
nLS+values is locations location for all values and gully values among
adequate for all study locations is less installations when
study installations. than the within using NED DEM
installations. installation inputs.
variation. Kruskal-Wallis
Chi-squared
analysis indicated
significantly
differentnLS+

values among
installations when

using LIDAR
DEM inputs.
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3. Forecast areag
where gullies are
likely to form in
response to future
military training
events at
Pohakuloa
Training Area.

Correspondence
between actual or
suspected gullies
and the most
appropriate critical
threshold value
identified for the
installation.

e All data from
quantitative
objective #1.

e Vehicle paths
(from tracking
data or training
simulations).

* Vehicle-specific
estimates of soil

and vegetation
damage.

« Evidence of post-

maneuver gully
activity.

e Success criteria
from quantitative
objective #1.

e Using actual
vehicle tracking
data from
maneuvers at
Keamuku Parcel,
and modified
NED DEM and
LULC inputs, the
nLS+ model
forecasted 3
additional
hectares of
erosion activity.

Qualitative Objectives

4. Propose
geographic
regions within
which installation
specific critical
thresholds for
accumulated
nLS+values are
valid.

Between
installation
variation of critical
threshold values
and gully locations
is greater than the
within installation
variation.

¢ Results from
ANOVA
* Peer-reviewed

ecoregion system
(e.g.,EPA Level
II/1ll ecoregions).

Place installations intd
regions of similar
critical thresholds for
accumulatedhLS
values according to
the logic and methodg
used to develop
generally accepted
ecological regions.

Ecoregion framework
showed to be
inappropriate for
assigning threshold
values; potential use

of Euclidean distance

allocation and
interpolation for
assigning values
illustrated.

5. Develop and
disseminate a
downloadable and
easy-to-use GIS-
based modeling

Ability of an
ITAM GIS
technician to
obtain and operate
the model.

Feedback from ITAM

GIS technicians on
ability to find model

on the SRP website,
its usability, and the

An ITAM GIS
technician can
download the model,
acquire necessary
data, and generate

GIS model developed
with significant

feedback from ITAM
personnel; results carn
be generated within

tool with value of results within four four hours.
documentation. documentation. hours.
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Figure 3. Example of how the spatial precision ad predicted gully locations are evaluated
with respect to the spatial resolution of the inpuDEM.
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The second quantitative performance objective determine whether a single critical threshold
for accumulateahLS+ values is adequate for each installation stuay sithis objective seeks to
assess whether a single common critical threstwléddécumulatechLS+ values is valid for all
installations or whether the individual installatithreshold values are statistically different and
place-specific. After critical thresholds for acmulatednL S+ values have been identified for
each installation study area (see Performance @lgetl), they will be compared statistically
to determine whether “between installation” vanatof nLS+ threshold values are less than the
“within installation” variation. The requirement tdentify and use only a single threshold value
for any installation will be indicated if “withinnstallation” variation is greater than “between
installation” variation. If “between installation/ariation is greatest, then evidence exists that
each study installation requires a place-spechireghold in order to meet model prediction
accuracy criteria.

The third, and final, quantitative objective invedsusing the\LS+ model in a predictive mode
to forecast areas where gullies are likely to fanmesponse to future military training events at
Pohakuloa Training Area. This objective requirperation of thenLS+ model after a training
exercise. In this case, vehicle tracking data télused to modify the input DEM and LULC
layers (and associated Manningiscoefficient) using information on the type of veki that
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made the track, the radius of track curves, velspkeed, and empirical data that relates vehicle
turning radius and speed into estimates of vegetatamage and rut depth. Past research by
investigators from the University of Tennessee tnredEngineering Research and Development
Laboratory — Construction Engineering Research tatboy (ERDC-CERL) quantifying vehicle
track impacts in terms of rut depth and vegetatiamage will inform how the original DEM and
LULC datasets will be altered. Coupled with knowghicle track locations, it is possible to
estimate for every location along the tracks thimam depth of the associated rut and how
much vegetation was likely removed during maneuvers

Though actual vehicle track widths will almost ajwae less than the spatial resolution of the
DEM and LULC datasets used as input in theS+ model, vehicle-induced changes to the
landscape will be applied to any pixel through vah& track passes, regardless of that pixel's
dimension. Because the model, and its resultidly gredictions, are based on a raster, or grid,
format it is not necessary to account for sub-pirgdacts or processes. All that is necessary to
know is (1) that a vehicle passed through a call @) the estimated reduction in elevatiae.(

rut depth) and change in surface roughness Yegetation removal) caused by vehicle passage.

The installation-level data required to accompttsl objective includes:

» Digital elevation data, in the form of a DEM, thedn be obtained from the USGS
National Elevation Dataset (NED) (http://ned.usgs)gr local products of higher spatial
resolution or currentness.

» Digital LULC maps, in the form of the 2006 NLCD athcan be obtained from the Multi-
Resolution Land Characteristics Consortium (MRU@)://www.mrlc.gov) or local
products of higher spatial resolution or currengnes

 Manning’'s surface roughness coefficients), (obtained from the literature that
correspond to each NLCD LULC type present acrdsstiadly installations.

* The location of new vehicle tracks after the cortipie of a training exercise, to be
provided by GPS-based vehicle tracking data acq@té’ohakuloa Training Area..

* Vehicle-specific estimates of soil and vegetatiamdge obtained from the literature.

* Ground truth dataset of any post-maneuver gullyigyt

As with Performance Objective #1, this objectivdl wie successfully accomplished when a
critical threshold for accumulated_S+ values is both identified and able to correctlgntify
80% of areas showing evidence of new gully actiwitighin a distance dictated by spatial
resolution of the DEM source.

In addition to the three quantitative performandgectives described above, two qualitative
objectives (Performance Objective #4 and #5) hés@ laeen identified. Performance Objective
#4 is related to, and dependent upon, the outcomBedormance Objective #2. If it is
determined that installation-specific critical thinelds are required to realize satisfactory model
predictive accuracy, then geographic regions wtiegse criticahLS+ thresholds might be valid
will be explored.

The final objective, Performance Objective #5, isvelopment and deployment of a
downloadable GIS tool that natural resources amditrg land management personnel can use to
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run thenLS+ model themselves. Throughout the duration ofpiggect, feedback was sought
from ITAM GIS technicians at each installation witgard tonLS+ model usability, quality of
model documentation, and best means of model disa#ion. Success for this objective is
defined by the ability of a typical installation &lkechnician to download the model, acquire
necessary data for model operation (either locahationally-available datasets, and generate
model results within a time duration of four hours.

3.1 GULLY DEFINITION

For this demonstration, a gully is defined as alsof@nnel with steep sides caused by erosion
and cut in unconsolidated materials by concentrabed intermittent, flow of water usually
during and immediately following heavy rains or i@ed snow melt. A gully generally is an
obstacle to wheeled vehicles and too deeg.(> 0.5 m) to be obliterated by ordinary tillage
(USDA 2009). Because identifying gullies from aéphotography or satellite imagery depends
heavily on spatial resolution, only gullies at iedsm wide will be considered in this work
(Frazier et al., 1983). Because gully depth cannot be determir@dgunon-stereo digital
orthophotography, we have not listed depth as midegf criterion for gullies. However, it is
highly unlikely to have a gully that is 1 m wider (@reater) that does not have significant depth
(e.g.,> 0.5 m).

The proposed use of the USDA gully definition, adlvas the term “gully” itself, is valid given
the natural resource emphasis of the project, uséaten CERL natural resource working
groups, and current geospatial data standardseapplcross the DoD. A comparable and
competing term found military mobility literature fgap”, which is defined as any battlefield
terrain feature too wide to be crossed using ackelsi self-bridging capability (Department of
Defense 1985). The 1-meter “rule of thumb” widtis@ciated with the USDA gully definition is
also a good match with mobility restrictions fongle-axle wheeled military vehicles that lack a
self-bridging capability. Expected gully depthsvaln the 1-meter width criterion, exceed the
minimum step value for light armored vehicles saslthe M113 and most, if not all, single-axle
tactical wheeled vehicles such as the High-Mobiliyltipurpose Wheeled Vehicle (HMMWYV)
(Overholt 2001).
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4.0 SITE DESCRIPTION

Several criteria were used to identify militarytaiations that would make ideal study sites for
calibrating and validating theLS+ model. First consideration was given to the larabf the
installation, and its associated biological andgitel characteristics. BecauskeS+ model was
developed and tested at Fort Riley, Kansas, petfegandidate sites for calibration and
validation included those of different soils, topaghy, landcover, and climate which would
require the model to successfully predict gullyaibens using inputs with a wide range of
values. In addition to selecting installationsttware different from Fort Riley, the inclusion of
at least one site that was similar was also corsitlamportant to provide data confirming the
validity of model results at Fort Riley.

Also important to site selection was the anticigdakevel of support that this project would
receive by installation environmental managers. sigtance by installation personnel was
essential to project success by providing the reledeam training land access, sharing
environmental and geospatial data, and ensuring lithae-specific safety procedures were
followed. Related to this was a third criteriorhieh considered whether a candidate site was
already home to related research projects and/airogrmental certification programs.
Installations with a history of supporting researcbnducted by scientists in the federal
government and/or academia were likely to make rsmpeollaborators.

From the perspective of military operations, thaeklitional selection criteria were employed.
First, candidate sites that were important, or s critical”, installations supporting high
levels of training activities, especially vehicladed training, were preferred. Second, candidate
sites looking at a potential future changes inratignt or mission would stand to benefit most
from the anticipated advantages of the validateS8+ model. Finally, the opportunity to involve
multiple military service branches was emphasized.

After a preliminary survey of military installatisnand in consultation with our designated DoD
service liaison (A. Anderson, ERDC-CERL), six inistions were selected to serve as study
sites for the validation of the erosion potentiadel: (1) Fort Hood, (2) Fort Benning, (3) Fort

Irwin, (4) Camp Lejeune Marine Corps Base, (5) Sieffid Barracks, and (6) Pohakuloa Training

Area. In addition to these six sites, concurreatkwwas continued at Fort Riley for the duration

of the study.

Though seven total sites were identified for thesndnstration site, and are described in the
following section, only five sites opted to pantiate after the project was approved and funded:
Schofield Barracks, Pohakuloa Training Area, Favb#l, Fort Benning, and Fort Riley. Despite
initial interest, Fort Irwin and Camp Lejeune citedveral reasons for lack of participation,
including limited (and frequently changing) persehrimited time available to facilitate work
given other demands, and lack of long-term benefit.
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4.1 SITE LOCATION AND HISTORY

The initial group of study sites selected (Figuyen¢luded critical military training installations
within the U.S. Department of Defense.d., Fort Hood, Fort Irwin) which were home to
military land managers with confirmed interest lmstproject, those with a history of working
with researcherse(g., Pohakuloa Training Area, Fort Benning), as well iastallations
experiencing new management challenges due to onisshanges and the fielding of new
equipment which placed increased pressure on migaitands €.9., Pohakuloa Training Area,
Schofield Barracks). In addition, Camp Lejeune iMatCorps Base was selected to complement
the six Army reservations.

Figure 4. Map of installations initially selectedfor field validation of the nLS+ model.
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The selected sites included a diverse set of lape#sc and biophysical characteristics. For
example, landcover spans the range from hot desexpical rainforest, soils from lava flows to
sand, and landforms from mountains to coastal wetia Table 3 summarizes a general set of
descriptive features and phenomena that are themugied in more detail in Section 4.3. The
dominant landcover listed for each installationowt one to deduce approximate surface
roughness conditions, the rainfall-runoff erosiviictor (or R factor) to better appreciate the
erosive power of rainfall that occurs locallye(, high values indicate more potential for water-
based soil erosion), and runoff potential, as deteed by the U.S. Department of Agriculture
(USDA) Natural Resource Conservation Service (NRG®)l hydrologic group which
characterizes soil water infiltration capabilitie®Note that the listed runoff potential for Fort
Irwin of “low” or “high” reflects the frequency ofandy soils and impermeable rock surfaces
throughout the installation.
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Table 3. Abbreviated comparison of biophysical an@limatic characteristics for selected
demonstration sites.

| nstallation Ecoregion® Dominant Annual Avg Runoff
Landcover® | Precip (mm)® | Factor® | Potential®
Camp Middle Atlantic | Evergreen 1373.4 389 Low
Lejeune Coastal Plain Forest
Fort Southeastern Deciduous 1233.6 377 Low to
Benning Plains Forest Intermediate
Fort Riley Flint Hills Grassland 826.5 188 High
(Original
Validation
Site)
Fort Hood Edwards Plateay  Grassland 825.1 243 High
Fort Irwin Mojave Basin Bare Land, 110.1 14.5 Low or High
and Range Shrub/Scrub
Pohakuloa | Tropical High Bare Land, 539.3 65.2 High
Training Shrublands/Dry | Shrub/Scrub
Area Forest
Schofield Tropical Moist | Shrub/Scrub, | 1263.7 288 High
Barracks Forest Evergreen
Forest

(1) Identification based upon USEPA Level 3 Ecoregiong/orld Wildlife Fund (WWF)
Terrestrial Ecoregion designations.

(2) Calculated from data from the National Landcovetadat 2001 (NLCD 2001).

(3) Data obtained from weather.com (http://www.weatten).

(4) Rainfall-Runoff Erosivity Factor (R) determined migidata from the USDA RUSLE2
Climate Database (Version 1.26.6.4).

(5) Assessment based upon the Soil Hydrologic Groupeotlominant soil or soils as described in
the USDA NRCS Generalized Soil Map of the Uni&dtes.

It is important to note that while Schofield Bakka@and Pohakuloa Training Area are two of the
selected study sites, validation activities weredrted only on subsets of the installations. At
Schofield Barracks, installation ITAM staff wereimparily concerned with soil erosion within
the Kahuku Range. At Pohakuloa Training Area,rnteely acquired Keamuku Parcel (formerly
privately owned cattle grazing land) was studiedpreparation for the first of many future
Stryker training exercises.

4.2 SITE CHARACTERISTICS

Brief descriptions of each original selection aidst sites follow. These overview descriptions
are intended to highlight some of the key biophgisaifferences between installations that (1)
contributed to their selection as a study site é)dwill test model performance given high
variation in nLS+ model inputs. Biophysical characteristics in thesatiptions include the
identification of major installation soile(g.,order, great group, series), soil water infiltratio
capacities and runoff potential (see Table 4 fdescription of soil hydrologic groups), general

Validating the Kinematic Wave Approach for Rapid
Soil Erosion Assessment and Improved BMP Site

Selection to Enhance Training Land Sustainability 16 January 2014



topographic conditions, dominate landuse/landc@ategories, and climate. When combined
together, an understanding of each of these congitbr surface properties contribute to a better
gualitative understanding of the potential for smibsion and its primary environmental drivers
without requiring application of a watershed-babgdrologic model to quantitatively estimate
surface water runoff.

Table 4. Interpretation of USDA-NRCS soil hydrologc groups.

Soil Hydrologic Typical Soil Textures Infiltration Runoff Potential
Group Capacity

A Sandy, Sandy Loam, Loam > 2 in/hr Lowest

B Sandy Clay Loam, Silt 0.6-2.0 in/hr Intermediate Low
Loam

C Clay Loam, Silty Clay 0.2-0.6 in/hr Intermediate
Loam High

D Silty Clay, Clay < 0.2 in/hr Highest

4.3.1 Fort Hood, Texas

Located in central Texas next to the city of Kihe&ort Hood soils are comprised by six series
(Slidell 42%, Eckrant 29%, Doss 16%, Cho 3%, Br#ckébs, and Bosque 5%). The two
dominant soils series are Slidell and Eckrantdedllisoils are moderately well-drained vertisols
with fine particle size. Eckrant soils are welkoired mollisols typified by clayey-skeletal soll
particle size. Eckrant soils are typical of uplags, while Slidell soils can be found midslope
prior to giving way to the Doss and Bosque soilsated along drainages. The remaining soil
series are generally well-drained mollisols, tholyhackett is an inceptisol, with loamy to fine-
loamy particle size. Slidell and Eckrant soils al&ssified as soil hydrologic group D (71%),
Doss-Cho-Brackett as group C (24%) and Bosque @spgB (5%). Slidell soils are found in
areas of 0-5slope and Eckrant from (-8lope.

Fort Hood is located in the Cross Timber ecologregjion. Landcover is primarily grassland
(33%) with significant amounts of evergreen foi@el%) and shrub/scrub cover (18%). Most of
the evergreen forest is located on upland Eckraiig sand with lesser densities found locally
along drainages. Elevations range from 180 to @é8ers (m) above sea level (asl), with an
average slope of 5.8% (maximum slope = 168%). #xdahigher slope include the transition
zones between Slidell and Eckrant soils, as welhsalong drainage ways.

Fort Hood’s climate is Humid Subtropical (Koppenig&e climate classification = Cfa) based on
long-term weather data recorded at nearby Kille€he maximum monthly temperature occurs
in August (38 C) and the annual average maximum temperatureadyn26 C. The minimum
average monthly temperature ¢fCl occurs in January and can be as warm a€ 22 July and
August. Average annual precipitation totals 83®illimeters (mm) per year, but 25% of that
total falls in May and June alone. Though sumnaeesrelatively dry, no month averages less
than 34 mm of precipitation per month.
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Figure 5. Runoff potential for the soils of Fort Hod, Texas by soil hydrologic group
(Source: Generalized Map of U.S. Soils, USDA NRCS)
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Figure 6. Dominant landcover categories for Fort Hod, Texas (Source: 2001 National
Landcover Dataset).
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Figure 7. Climograph for Fort Hood, Texas (Source:http://www.weather.com).
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4.3.2 Fort Benning, Georgia

Within the Fort Benning installation, eight soilerigs have been identified: Vaucluse (45%),
Wagram (41%), Mantachie (4%), Chewacla (1.5%), lake (1.3%), Norfolk (1%), Troup
(1%), and Luverne (0.7%). Two soil series (Vauelasd Wagram) account for 86% of all soil
types, with Vaucluse dominating in the north andgvdan in the south. In general, Vaucluse
soils are found in steeper areas (SBpe) while Wagram soils coincide with areas s6lslope
(0-5°). The Mantachie, Troup, and Luverne series arando exclusively across the
Chattahoochee River in the Alabama portion of tistallation. Both dominant soil series are
Ultisols with Vaucluse soils being fine loamy andayvam soils loamy in texture. The
remaining soil series are Ultisols, Inceptisols Emtisols of fine or fine-loamy texture. Water
infiltration rates are either good or poor, withP4®f Fort Benning soils rated at soil hydrologic
group A and 51% in group C. The important groupdll is the Wagram series, while Vaucluse
is group C.

Elevations at Fort Benning range from 51 to 226 sh aith an average slope of 7.8%

(maximum slope = 86.1%). The installation is lechin the Southeastern Plains ecological
region. Three landcover types comprise 70% ofitktallation area: Deciduous Forest (34%),
Evergreen Forest (23%), and Mixed Forest (13%).cid®us forests are found extensively

throughout the northern portions of the installatiowhile the largest concentration of the

evergreen forest type is in the south. Mixed focas be found across the entire installation, but
the largest concentration is located in the noghea
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Figure 8. Runoff potential for the soils of Fort B&ning, Georgia by soil hydrologic group
(Source: Generalized Map of U.S. Soils, USDA NRCS)
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Figure 9. Dominant landcover categories for Fort Bening, Georgia (Source: 2001
National Landcover Dataset).
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Climate is characterized as Humid Subtropical (Kopeiger climate classification = Cfa).
The maximum monthly temperature occurs in July Andust (33 C). The annual average
maximum temperature just exceed$ @4 The minimum average monthly temperature °of 3
occurs in January and monthly average low tempesitcan be as warm as°Z2 in July and
August. Average annual precipitation totals 1233ué per year. Precipitation amounts are
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evenly distributed throughout the year and rangenfan average low of 59.2 mm in October
and an average high of 128 mm in July.

Figure 10. Climograph for Fort Benning, Georgia (®urce: http://www.weather.com).
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4.3.3 Fort Irwin, California

The soils of Fort Irwin consists of ten series (@afl5%, Lithic Torriorthents 12%, Nickel 12%,
Calvista 11%, Badland 8%, Tecopa 6%, Upspring 5%yd® 2%, and less than 1% each of
Gunsight and St. Thomas). High-slope mountainssaile primarily Lithic Torriorthents,
Tecopa, Upspring, and Calvista. Lowland soils Vit slope, the primary maneuver areas of
the installation, are dominated by Cajon, NickeddBind, and Playas. By percent area, soils of
the Entisol order are most common (69% of totakbpr@nd include Upspring, Tecopa, St.
Thomas, Lithic Torriorthents, and Cajon series. e T@ajon series are of the Typic
Torripsamments subgroup, with the remaining Ergisbeing Lithic Torriorthents. The
remaining series are in the Aridisol order, withv@a being a Lithic Haplocalcids and Nickel
and Gunsight Typic Haplocalcids. When developed stucture is present, textures are
typically described as loamy or loamy-skeletal. &yl hydrologic group, 46% of Fort Irwin
soils are group A, 44% group D, and 12% group Bily@hree soils series are not in the group D
category and include Cajon (group A), Nickel (grd&)p and Gunsight (Group B). All other soil
series are group D.
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Figure 11. Runoff potential for the soils of Fort fwin, California by soil hydrologic group
(Source: Generalized Map of U.S. Soils, USDA NRCS)
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Fort Irwin is located in the Mojave Basin and Ramgelogical region. Landcover is primarily

shrub/scrub (85%) with significant areas of barl@md (15%). Elevations range from 310 to

1875 m asl, with an average slope of 13.8% (maxirsiope = 496%).

Figure 12. Dominant landcover categories for Fortriwin, California (Source: 2001
National Landcover Dataset).
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Climate at Fort Irwin is Warm Desert (Koppen-Geigémate classification = Bwh) based on
climate data recorded south of the installationBarstow. Maximum average monthly
temperatures range from a low of ®7in January and December to a high ofG9 July. The
annual average maximum temperature is nearly® 8 The minimum average monthly
temperature of °.C occurs in January and December. Summertime g&enaonthly low
temperatures range between 16°20 The average annual precipitation totals 110.1 pam
year, most of which falls during winter and eantyisg (December — March). Average monthly
precipitation is less than 10 mm for each of theaiming eight months.

Figure 13. Climograph for Fort Irwin, California ( Source: http://www.weather.com).
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4.3.4 Camp Lejeune Marine Corps Base, North Carolia

Camp Lejeune Marine Corps Base (MCB) features ses@ls series (Woodington 34%,
Baymeade 28%, Leon 16%, Kureb 12%, Norfolk 4.5%hiBket 3.4%, and Meggett 2.9%).
Two soil series (Woodington and Baymeade) accoant6R% of the soils within the base.
Baymeade soils are found exclusively in the eadtremmth in areas characterized by slope values
from 1-6, while Woodington soils occur in topography wids$ relief (0-2slope). In the east,
Meggett and Leon soils interrupt large contiguooses of the Baymeade along streams and in
upland sites, respectively. Woodington soils cower majority of the inland portions of the
installation on the west side and transition to ,elureb, then Bohicket before reaching the
Atlantic Ocean in the east. Both dominant soileseare Ultisols with the Woodington series
being of coarse-loamy texture and Baymeade of lotewriure. Vaucluse soils are fine loamy
and Wagram soils are loamy in texture. The otleeies of the order Ultisol is the fine-loamy
Norfolk series. The remaining soil series incldide Alfisols (Meggett), sandy Spodols (Leon),
Entisols (Kureb and Bohicket). Series in soil lofdgic group A include Baymeade and Kureb,
Norfolk in group B, Leon and Woodington in groupDB/and Bohickett and Meggett in Group
D. The B/D group are dominant (49% of installajitmllowed by group A (40%).
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Figure 14. Runoff potential for the soils of Camp_ejeune MCB, North Carolina by soil
hydrologic group (Source: Generalized Map of U.SSoils, USDA NRCS).
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Elevations at Camp Lejeune range from -1 to 24 Innath an average slope of 2.6% (maximum
slope = 65.3%). The installation is located in khedle Atlantic Coastal Plain ecological region
and three landcover types comprise 63% of the llastan area: Evergreen Forest (25%),
Woody Wetlands (24%), and Grassland/Herbaceous X13%vergreen forests are scattered
throughout the installation, while woody wetlandsd agrassland sites are more concentrated
inland of the southeastern coastline.

Climate is characterized as Humid Subtropical (Kopeiger climate classification = Cfa).
The maximum monthly temperature of°32 occurs in July. The annual average maximum
temperature is 2. The minimum average monthly temperature°d® bccurs in January and
monthly average low temperatures can be as wa22°& in July. Average annual precipitation
totals 1,373.4 mm per year with a monthly high 8B mm in July and a monthly low of 77.7
mm in April.
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Figure 15. Dominant landcover categories for Camp &jeune MCB, North Carolina

(Source: 2001 National Landcover Dataset).
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Figure 16. Climograph for Camp Lejeune MCB, NorthCarolina (Source:

http://www.weather.com).
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4.3.5 Schofield Barracks and Kahuku Range, Islandfdahu, Hawaii

For purposes of this summary, Schofield Barrackduges the following reservations and
ranges: Dillingham, East Range, Helemano, Kawaikahuku, Kunia, Makua, Schofield
Barracks, and Wheeler. Defined as such, SchoBaldacks consists of nine soils series or great
groups (Udorthents 62%, Lithic Ustorthents 12%, Wafa 9%, Waikane 8%, Manana 8%, and
less than 0.5% each of Haplustolls, Lualualei, Kihegai, and Hanalei). The Udorthent great
group is the dominant soil of Schofield Barracksl @1most common in the Ko’olau mountain
range where the Kahuku Range, Kawailoa Reservatiod,the eastern half of East Range are
located. Udorthent soils are also found alongWeeanae Range and compose a portion of the
soils for Schofield Barracks and the Makua Res@mat In general, soils transition from
Udorthents to Lithic Ustorthents then Manana andhMisa soils as elevation and slope
decreases. Only three soils comprise over 99%efrhportant Kahuku Range on the northern
tip of the island of Oahu: the mountain Udorthe@i®%), mid-slope to beach Waikane (48%),
and Manana along drainages. Given the diversitgnvironments at Schofield Barracks, it is
not surprising that the military reservation, is @ntirety, includes soils from six different orsler
The most important of these orders are Entisolsofthénts and Lithic Ustorthents), Oxisols
(Wahiawa), and Ultisols (Manana and Waikane). &gdliclg rock, soil textures are generally fine
to very-fine. Water infiltration capability of mbSchofield Barracks soils is poor, with 75% of
the area classified into soil hydrologic group Dd@thents, Lithic Ustorthents, and Lualualei)
and 8% in group C (Manana, Haplustolls, Hanaléipcally important soils in lowland section
of Schofield Barracks, Kahuku, and western Eastgeasuch as Wahiawa and Waikane are
group B soils.

Figure 17. Runoff potential for the soils of Schoéld Barracks, Hawaii by soil hydrologic
group (Source: Generalized Map of U.S. Soils, USDNRCS).
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Figure 18. Runoff potential for the soils of the Kuku Range, Schofield Barracks, Hawaii
by soil hydrologic group (Source: Generalized Mapf U.S. Soils, USDA NRCS).
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Elevations at Schofield Barracks range from sealley 1,233 m asl, with an average slope of
42% (maximum slope = 448%). The component landscbbfield Barracks span three different
WWF ecoregions whose boundaries coincide closelgléwation differences. Military lands
located in the higher interior of Oahu are in thawhdii Tropical Moist Forest (Schofield
Barracks, East Range, Wheeler, Kunia, Helemanotheou half of Kahuku). Moving
downslope and towards the northern and westerns;oa®ist forest transitions to the Hawaii
Tropical Dry Forest (northern half of Kahuku, Makaad Dillingham). Approximately 90% of
Schofield Barracks landcover types fall into onetloke categories: Evergreen Forest (73%),
Shrub/Scrub (10%), and Developed/Open Space (6#b)the Kahuku Range, elevations run
from a low 15 to a high of 648 m asl with an averatppe of 38%. Landcover types here are
similar to that of the installation as a whole, kith slightly higher percentages for Evergreen
Forest (78%) and Shrub/Scrub (15%).

The climate of Oahu is classified as Tropical Wed ®&ry (Koppen-Geiger climate classification
= Aw). Average monthly maximum and minimum temperas vary little during the year, with
maximum monthly temperatures fluctuating from atefdow of 25 C to a summer high of 28
C. Minimum monthly temperatures range from a loiv6° C to a high of 19C. Average
annual precipitation totals nearly 1,264 mm perydrecipitation is heaviest during winter with
summers being relatively dry. However, no montterees an average monthly total of less than
53 mm (August).
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Figure 19. Dominant landcover categories for Scha#ld Barracks, Hawaii (Source: 2001
National Landcover Dataset).
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Figure 20. Dominant landcover categories for the Klauku Range, Schofield Barracks,
Hawaii (Source: 2001 National Landcover Dataset).
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Figure 21. Climograph for Schofield Barracks, Hawa (Source: http://www.weather.com).
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4.3.6 Pohakuloa Training Area and Keamuku Parcel,dland of Hawaii, Hawaii

Soils of Pohakuloa Training Area (PTA) include Idfl@avs (78%) and six soil series (Apakuie
8%, Waikaloa 6%, Puu Pa 4%, Kiloa 2%, Waimea 1%, Malama 0.1%). Over three-quarters
of installation, and nearly all of the original sleern portion situated in the topographic saddle
between Mauna Kea to the north and Mauna Loa tostheth, consists of lava flows of soil
hydrologic group D. The remaining soil series fmend primarily in the northern Keamuku
Range and, in addition to lava flows (3%), includ&aikaloa 35%, Puu Pa 24%, Apakuie 19%,
Kiloa 11%, Waimea 8%). These series are in theigahd Apakuie, Puu Pa, Waikaloa, and
Waimea) and Histosol (Kiloa) orders and have meadiahedial-skeletal textures. The Keamuku
Range is located on the gently sloping westernkflah Mauna Kea and, in general, soils
transition from Apakuie and Waimea at higher el®ret to Waikaloa then Puu Pa and Kiloa at
lower elevations. As opposed to the southern gomif PTA, soil water infiltration rates tend to
be good to very good in Keamuku Range. Nearly ©%oils are in soil hydrologic group A
and 43% are in group B. The remaining 3% of larehas former lava flow with very poor
(group D) infiltration rates.

Elevations at PTA range from 749 to 2,727 m asthvain average slope of 7.3% (maximum
slope = 196.3%). In the Keamuku Range, elevatiamge from the installation low of 749
meters to a high of 1,735 m asl. Given that itsigomn on the side of the Mauna Kea volcano,
average slope in Keamuku is higher (10.6%), thaubh less extreme (maximum = 115.0%).

PTA spans two different ecological regions. Thatkeastern half of the original installation,
and southeastern third when including the new Kdanparcel, is in the Hawaii Tropical High
Shrublands. The remainder of the installationJudimg all of Keamuku, is in the Hawalii
Tropical Dry Forest. Considering the entire PTAtallation, landcover is predominately of two
types, Shrub/Scrub (47%) and Barren Land (36%}) ait additional 14% of the land area in the
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Grassland/Herbaceous category.

Grassland/Herbaceous, 40% Shrub/Scrub, and 2%rBhaared.

In the Keamuku &kahgwever, 57% of the area is

Figure 22. Runoff potential for the soils of Pohallloa Training Area, Hawalii by soll
hydrologic group (Source: Generalized Map of U.SSoils, USDA NRCS).
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Figure 23. Runoff potential for the soils of the kamuku Parcel, Pohakuloa Training Area,
Hawaii by soil hydrologic group (Source: Generalied Map of U.S. Soils, USDA NRCS).
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Figure 24. Dominant landcover categories for Pohaloa Training Area, Hawaii (Source:
2001 National Landcover Dataset).
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Figure 25. Dominant landcover categories for the Eamuku Parcel, Pohakuloa Training
Area, Hawaii (Source: 2001 National Landcover Datset).
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Like its neighboring installation on Oahu, climaePTA (as measured at the nearby town of
Waimea) is Tropical Wet and Dry (Koppen-Geiger @im classification = Aw) with average
monthly maximum and minimum temperatures varyirijeliduring the year. Maximum
monthly temperatures range from a winter low of@%o a summer high of 1C. Minimum
monthly temperatures range from a low of €7to a high of 22C. Though the pattern of
monthly average temperatures is quite similar bebwgchofield Barracks and PTA, significant
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differences exist with regard to precipitation amioand timing. Average annual precipitation at
PTA totals only 539.3 mm per year with distinct t@inwet and summer dry periods. Average
monthly precipitation is highest in December with®mm and lowest in August with 12.4 mm.
This precipitation pattern, along with spring anoinsner winds, contributes to the occasionally
significant wind-based soil erosion events durimgdry season.

Figure 26. Climograph for Pohakuloa Training Area,Hawaii (Source:
http://www.weather.com).
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4.3.6 Fort Riley, Kansas

The soils of Fort Riley consist of six series: Woma (60%), Clime (16%), Smolan (9%),
Kipson (7%), Eudora (7%), and Labette (1%). Oweo-thirds of the installation is of the
Wymore and Clime type, including nearly all of {lx@mary maneuver area in the uplands of the
north and northwest. All Fort Riley soils are Mstlls. With the exception of the Eudora and
Kipson series, which have coarse-silty and finduex respectively, installation soils are also
characterized as having fine textures. Soils gdlyetransition from Wymore to Clime, then
Kipson, Smolan, Eudora, and Labette as elevatiamedses from the uplands to the Kansas
River and Wildcat Creek drainages to the southesasd. The Wymore and Kipson series’ are of
the soil hydrologic group D. Clime, Smolan, andéte soils are of group C, and Eudora soils
are group B. Most soils are found in areas oftiraddy flat terrain, with specific series
determined by upland versus lowland position. €keeption to this is the Clime series, which
are typically located in higher slope areas (8-20
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Figure 27. Runoff potential for the soils of Fort Rley, Kansas by soil hydrologic group
(Source: Generalized Map of U.S. Soils, USDA NRCS)
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Elevations are Fort Riley range from 379 to 4193sh with average slope of 6.7% (maximum
slope = 111%). Areas in the higher slope ranglidecthe transition zones represented by the
Clime soil series. Slopes can also be locallyifiant along the larger perennial streams. Fort
Riley is located in the Flint Hills ecological regi. Landcover is primarily grassland (67%),
with lesser amounts of deciduous forest (17%) aenklbped/open space (6%). Most of the
installation’s deciduous is located along drawkenmittent streams, and perennial streams.

Fort Riley’s climate is Hot Summer Continental (Kem-Geiger climate classification = Dfa).
Maximum average monthly temperatures range froowadf 3 C in January to a high of 32

in July. The annual average maximum temperatujesisover 18C. The minimum average
monthly temperature of °€ occurs in January, but average monthly low teatpegs can be as
high as 18C in July. The average annual precipitation toB26.5 mm per year, most of which
falls during the March-July time period. Howevenly three months (January, February, and
December) average less than 28 mm of precipitation.
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Figure 28. Dominant landcover categories for Fort Rey, Kansas (Source
Landcover Dataset).
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Figure 29. Climograph for Fort Riley, Kansas (Souce: http://www.weather.com).
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4.4  SITE-RELATED PERMITS AND REGULATIONS

No permits or regulations apply to this demonstraproject.
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5.0 TEST DESIGN

A detailed description of the test design from @pimn through execution is documented
below.

5.1 CONCEPTUAL TEST DESIGN

The data collection, model development, data arsglyscuracy assessment, and technology
transfer activities associated with this projectktplace during three primary project phases:

* Phase 1: Calibration
* Phase 2: Validation
* Phase 3: Training and Technology Transfer

During Phase 1 (Calibration), field visits to eachtallation site were conducted during the first
and second year of funding. During these visitstallation spatial data was inventoried and any
unique datasets acquired from local ITAM office$f not already collected by installation
personnel, gully locations on training lands werdlected using GPS and/or “heads-up”
digitizing of digital orthophotographs to serve asnodel calibration and validation dataset.
Also during Phase 1, the need to purchase satetidgery to classify current LULC type and
condition information was assessed. For all iteiahs, it was determined that 2006 NLCD
data sufficiently described current LULC types amétial distributions. After returning from
installation visits, thenLS+ model was calibrated for each installation andicali nLS+
threshold values (including measures of centratldany and dispersion) identified. Upon
calibration, an erosion potential map for each wis created and shared with installation ITAM
staff.

A second series of visits to each installation gtwite were conducted during Phase 2
(Validation) activities, which were completed dwithe third and fourth year of funding. Field
work focused primarily on acquiring additional gulbcations (where and when necessary).
Poor initial model validation results were believedbe a result of gullies being defined and
mapped in different ways — both among staff at wemiinstallation as well as between
installations. For example, gullies at some inatadhs included “mini-canyons” while others
met the gully definitional requirements outlinedaar report. Research team personnel began
familiarizing installation ITAM personnel with theLS+ model background and operation and
conducted GIS training with the model. Subsequentach site visit, the installatiam_S+
model was refined by re-calibration when additiogally observations were recorded and then
validated by assessing the calibrated model acgurd&hase 2 activities also included initial
efforts to operate thelLS+ model in predictive mode at Pohakuloa Trainingare

During the final year of funding (Phase 3: Tragend Transfer), final maps of gully locations,
model results, and gully density estimates wereeshwith installation ITAM staff, along with
CD/DVD copies of completed GIS models, installatatata, and results. Final work related to
operating thelLS+model in predictive mode was also completed.
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5.2 BASELINE CHARACTERIZATION AND PREPARATION

For each installatiomLS+ models were developed using nationally availablaskds. Initial
gully data layers were constructed using high tégm photography when available. During the
initial installation visits, any relevant locallywailable data, such as improved LIDAR derived
DEM products and local gully information was obtadn If gully information was not available,
project personnel worked with the installation landnagement office to gain access the training
areas and conduct limited field surveys of gullgatons.

Gullies were characterized based on their topogcapbsition, width, depth, and length at the
current gully head location. Gully location wagetemined using a GPS unit and each site was
documented with digital photography. Where possilgullies were characterized by width,
depth, and length. This descriptive informationswaelpful when used during the model
validation stage to document local differenceshea meaning of the term “gully”. Wherever
possible, gully data collection in the field confeed with the gully definition presented in in
Section 3.

5.3 DESIGN AND LAYOUT OF TECHNOLOGY AND METHODOLOGY
COMPONENTS

Figure 30 shows the general framework ofth&+ model, which is designed as a series of four
sub-models for users who wish to predict the cur@ration of gullies or forecast the formation
of new gullies in response to a training event.aDsets required for gully prediction include
LULC and DEM inputs. From these data layers, thenMng’sn, slope, profile curvature and
other required intermediate data products are coedpuln forecast mode, input data include a
filed DEM and Manning’sn grid (output from the model in prediction mode) andorm of
vehicle tracking data from GPS devices that incdyd®t minimum, vehicle coordinates and
velocity.
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Figure 30. General schematic of thaL S+ model for gully prediction and forecasting.

Sub-Model #1 Sub-Model #2 Sub-Model #3 Sub-Model #4

Guily Forecasting

5.4 FIELD TESTING

A detailed description of each phase of the dennatish including model calibration and
validation to include a model sensitivity analyisisletailed in the next sections.

5.4.1 Model Calibration and Validation

After the initialnLS+ model was run, a point file of gully head locaspacquired in the field or
digitized from digital orthophotography, was ovétlawith model results to extract the
accumulatedhLS+ value at each gully location. The model was catdxd using approximately
30% of the known gully locations and validated witlhe remaining data points. During
calibration, actual gully locations were relocatéshapped”) to the highest flow accumulation
grid value within a 1 cell distance from the rea@ddGPS location to account for error in the
DEM. A series of descriptive statistics were tlgemerated from the accumulateldS+ values

to best characterize the critical threshold whererland sheet flow is expected to transition to
concentrated flow.

Once the model was calibrated and the criticalstiotd range for the installation determined,
the model was validated using the remaining 70%abfial gully locations. The prediction of
where sheet flow transitions to concentrated flowd,aherefore where gullies are most likely to
be found, was developed via a Structured Query Lagg (SQL) query for the calibration
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threshold value range within the accumulatéd+ value layer generated by théS+ model.
Actual gully locations that fall within a one céliiffer distance of those meeting the SQL query
conditions were assessed as an accurate prediction.

5.4.3 Equipment Calibration and Data Quality Issues Model Sensitivity Analysis

A series of sensitivity analyses were conductefdtier understand the relative importance of
two model inputs (slope and Manningicoefficient), and any associated data error/uncest,
on model output and the resulting correlation waitcumulatechLS+values and gully locations.

The key factors affecting computat S+ values are Manning's surface roughness coeffi¢|gnt
and slope §. The first sensitivity test evaluated the refatimportance of slope in shaping
accumulatedhLS+ values. In this analysis, a DEM for Schofield Baks Kahuku Range was
modified by flattening and exaggerating the elevatralues at 10% increments for a total range
of elevation model inputs between 10% and 200%tfed elevation. The modified DEMs were
used to calculate slope and, in turn, these mabldlepes were used as the inputs for 10 total
nLS+ model runs. The accumulated S+ values from each model run were recorded and
compared at 100 fixed locations. Graphical res(figure 31) indicated that slope was the
dominant control on model output, and that tih&+ model is very sensitive to slope especially
at low values.
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Figure 31. Sensitivity ofnLS+ model output to changes in slope at the Kahuku Thaing
Area, Schofield Barracks, Oahu.
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The variation in model output at low slopes, shdwrnthe long error bars in the portion of the
Figure 31 at 40% and less of actual slope, suggeastdManning’sh (i.e., vegetation) may be a
more important factor at lower slopes. Howevems®f this variation can also be attributed to
DEM error, which impactalLS+ value accumulation most in upland areas. Fig@rédl@strates
the flow accumulation paths resulting from 20 déig DEM inputs, where each cell in each
DEM input was randomly modified +/- 7 meters (whicbrresponds closely to the general
accuracy standard published for the NED). By @yenlg the flow accumulation from each
modified DEM, it is shown that the impact of DEMr@ris most important in the lower slope
upland areas, because small changes in elevatmmean significant changes in the route of
overland flow as it moves downhill (the areas ifloye and light orange). In areas of steeper
slopes, and after overland flow has left the uplarghs, the flow paths begin to converge and
become consistent (the areas in dark orange, ret ble), despite the modified elevations.
Understanding the model’s sensitivity to slopemportant, and points to potential large gains in
model accuracy if high spatial resolution DEMs,lsas those generated by LIDAR, are used as
input to thenLS+model.
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Figure 32. Impact of DEM error on a flow accumulaton network conducted for a portion
of the Kahuku Training Area, Schofield Barracks, Odu.
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The Manning'sh factor, derived from remotely-sensed LULC data piatd, describes the land
surface's ability to provide resistance to flowor example, bare ground has a low roughness
factor while permanent vegetation has a higher moegs factor. This variable indirectly
accounts for climate and soils using vegetatiom @soxy. A number of factors can affect the
accuracy of Manning's), including the classification accuracy of the LULgoduct, the
phenological development of vegetation, land mamesge activities, and site disturbance.

Two different sensitivity analyses were performed ketter understand the importance of
Manning’sn specification omLS+ model performance. The first testeldS+ model sensitivity

to the geographic distribution of LULC types, atk tcorresponding “normal” Manningis
values. Again the Kahuku Training Area at SchdfiBbrracks served as the test site and single
peer-accepted values for Manning'svere substituted for known vegetation classedotal of

10 random LULC layers, based on actual Schofieldd®&s vegetation, were generated in a
manner that resulted in the total area of each L@laSs being similar. Essentially, this became
an evaluation of how important it is to accuratelgssify each pixel of LULC layer, or whether
it is sufficient to know the correct percentagegath LULC type within an area of interest. The
nLS+model was run 10 times, once for each modified LUt and using the same DEM for
each iteration. The accumulatetdS+ value at the watershed outlet varied only 0.3%r @le
model runs indicating little sensitivity to the sipadistribution of LULC types (Table 5).
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Table 5. Sensitivity ofnLS+ model output to the distribution of LULC classes &aKahuku
Training Area, Schofield Barracks, Oahu.
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2 |002]| 017|081| 301|806 1580 | 2216 2225| 1590 | 789| 298| 077| 016 | 002 | 216.4
3 |002]| 014| 074| 283 | 838 1581 | 21.87| 2242 | 1591 | 804| 288 )| 079 0.14| 002 | 216.7
4 |003]|015|074| 287 | 789 1582 | 2210 2256 | 1582 | 822 | 281| 083 0.13| 001 | 2175
5 |003]|011]|077| 294| 804| 1586| 2190 | 2219| 16.11 | 804 | 305)| 080| 0.143| 001 | 217.1
6 |001]|012|078| 292|810 1571 | 2240 2208 | 16.00 | 806| 296| 075 0.11| 001 | 217.0
7 |002]| 015|076| 290| 788 | 1582 | 2232| 2205| 1626 | 815| 276 | 076 | 0.18| 001 | 217.1
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The final analysis evaluated model sensitivity ¢tual Manning'sn coefficients. Portions of the
2006 NLCD and NED for the Kahuku Training Area wased asLS+ model input. However,
instead of replacing each LULC type with a singlariling’sn value, one in a range of accepted
values for each LULC type were selected at randomeéch cell (Table 6). In order to better
assess model sensitivity to variations in Manning’kighly detailed information specific to the
unique Hawaiian vegetation was used. Figure 38ligigts an area of cropland/pasture where
individual cells were randomly coded with the Mangis n values of 0.02 (yellow), 0.03 (light
green), or 0.04 (dark green).

The nLS+ model was executed a total of 100 times and theltieg accumulatedLS+ values
recorded at 300 fixed locations. Random seleabiba range of accepted Manningisvalues
resulted in outpubLS+ values that varied less than 25% for most locatigiigure 34). Those
sites that varied by more than 25% were locatdugiter elevations within the watershed — the
same low slope locations where theS+ model was shown to be both highly sensitive ta an
suffer most from, DEM error.
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Kahuku Training Area, Schofield Barracks, Oahu (Chov 1959).

Table 6. Range of Manning’s coefficient values for select LULC types comprisig the

Manning's n Values

Landcover Description Minimum | Normal | Maximum
Bare Soil 0.02 0.03 0.04
Kukui Forest 0.11 0.15 0.2
Ironwood Mixed Forest 0.08 0.1 0.12
Cropland and pasture 0.02 0.03 0.04
Disturbed Alien Grasslands 0.025 0.03 0.035
Eucalyptus Mixed Forest 0.11 0.15 0.2
Evergreen forest land 0.11 0.15 0.2
Haole koa / Guinea grass Mixed Grassland 0.030.035 0.05
Paper bark eucalyptus Forest 0{11 0.15 0.2
Ohi'a / Acacia koa / Uluhe Diverse Native

Forest 0.1 0.12 0.16
Mixed Cliff Communities 0.03 0.04 0.05
Mixed Rangeland* 0.04 0.06 0.08

Figure 33. Coefficient of variation for accumulatel nLS+ values at 300 random locations,
across three elevation zones, at the Kahuku TraingArea, Schofield Barracks, Oahu.
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Figure 34. Coefficient of variation for accumulatel nLS+ values at 300 random locations,
across three elevation zones, at the Kahuku TraingnArea, Schofield Barracks, Oahu.
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After this preliminary analysis of training landsSchofield Barracks, Hawaii, it was anticipated
that erosion features of interest across our salestudy sites would likely be correlated with
more than one critical threshold for accumulaté®+ values, but that these multiple threshold
values would exhibit regional similarities.§.,Fort Riley[lFort Hood[JUS Great Plains states).
Analysis of the sensitivity afiLS+ output to spatially (and temporally) variable inputdicates
that regional similarities would likely be governéy average slope conditions, with gully
locations most likely to be present on severelpeatbtraining lands typified by lower higher
accumulatechLS+ values. Additionally, regardless of average slapélies will be related to
higher threshold values in areas undergoing actel@rates of erosion due to changes in natural
landcover resulting in “smoother” surfacesq.,former forest now in grassland, native grassland
replaced with annual invasive speciefs,).

5.5 SAMPLING PROTOCOL: OPERATING THE nLS+ MODEL IN PREDICTIVE
MODE

Key to operating thelLS+ model in predictive mode at Pohakuloa Training aAr@TA)
(Performance Objective #4) was the ability to aibtahicle track data (via GPS tracking data or
training simulations) and use the track locatiod eharacteristics to modify existing installation
DEMs and LULC maps. After making appropriate mmdifions to these input datasets, the
nLS+ model was re-run after a training event and fadtia collected to determine whether the
model successfully forecasted new areas of actnauspected) gully activity.

The basis for the modification of the DEM and LULi§puts come from previous research that
evaluated land surface alterations by vehicle tgperating characteristics, and soil conditions
(Ayers et al., 2000, Ayerst al., 2005a, Ayerst al., 2005b, Rice and Ayers 2005, Rietal.,

2006). Much of this work culminated in the quangtion of non-linear relationships between
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vehicle turning radii and velocities on resultinggetation damage and rutting depth for different
soil types and soil moisture conditions.

Three Stryker vehicles from a reconnaissance ptatdahe 2nd Brigade of the 25th Infantry
Division were tracked during an off-road proofingseion on the Keamuku Parcel at PTA using
GPS-based tracking systems to determine vehicleement patterns and estimate soil loss
impacts (Howarcet al., 2011). Track data recorded by GPS units onbdaedthiree vehicles
were obtain from Dr. Paul Ayers (pers. comm.). Taa was received as a text file with
geographic coordinate information acquired at apipnately one second intervals. Each GPS
record also included key attributes such as vehielecity (VEL) and course over ground
(COG) along with a detailed date/time stamp idgmd when the position record was acquired.

Rut depth was calculated as a function of vehigtaihg radius. To do so required first the
calculation of vehicle turning radii from the omgil GPS track file. Estimates of vehicle turning
radii for each recorded location were based ondmesecutive position fixes and using the five-
point method outlined in ERDC/CERL Technical Ref#43 (Ayerset al.,2000).

Liu et al., (2009) described the relationship between thedesind outside tracks for a Light

Armored Vehicle (LAV) operating in a spiral testtigan at two speeds (4 and 8 m/sec) during
experimental maneuvers at Fort Lewis, Washingta20io2 (Figure 35).

Figure 35. Relationship between rut depth and LAMurning radius (from Liu et al., 2009).
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Based on these findings, a generic power functias defined to estimate vehicle rut depth
using the curve for the outside track that genertite deeper rut:

RD = 67.571*TR*?'8

where:
RD = rutting depth (cm) for wet soil conditions
TR = vehicle turning radius (m)

A qualitative measure of vehicle damage to the lamdace, including amount of vegetation
removed or dislodged during vehicle operation isvjgled by the Impact Severity (IS) score,
which ranges from 0-100% (Table 7). To accountgossible vegetation removal after the
passage of a military vehicle, an IS score wasutatled to reflect the percentage of soil and
vegetation damaged at each vehicle location (EROED R

IS = 261(TR>") * VEL %2

where:

IS = impact severity (%)

TR = vehicle turning radius
VEL = vehicle velocity (m/s)

Table 7. Summary of Impact Severity (IS) scores fassessing vehicle track damage to
vegetation (from Liu et al., 2009)

I mpact Description
Severity (%)
0 No visible disturbance as compared to surroundaggtation/area
10 Laying down of vegetation; few, if any, brokearas; no evidence of vegetation
shearing
20 Some broken stalks/plants; visible soil distadeg possibly exposing bare soll
40 Obvious depressed soil and vegetation with Sggmt vegetative damage and

slight removal; piling on track edge evident; mogrof plants/soils towards the
edge of vehicle track without completely shearitappat roots; some bare soil
exposed

60 About 1/3 of vegetation still present and int@acthe track; significant amount of
bare soil exposed; larger piling of vegetation dgeeof track due to shearing
motion of the vehicle, fully removing species frtine track; some of the pile has
overturned, exposing roots

80 Few vegetative species still intact on vehiathppiling of vegetation and soil on
the edge of the path; pile is completely overturmegbosing roots
100 Complete removal of vegetation and soil; singgaiction of vehicle has left

vehicle track bare; sheared vegetation and spilesl on edge of track
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Following the turning radius, impact severity, antddepth calculations, vehicle track files were
imported into a GIS and combined into a single éfeall GPS position records. These points,
and their corresponding attributes, were then caaglanto two gridded track files representing
the calculated values for impact severity (IS) antddepth (RD), respectively, at the same spatial
resolution of the DEM used to describe installati@mrain. During this point to raster
conversion, the maximum value for IS and RD wetaimed if more than one GPS point would
be located within the same grid cell. The IS gmas used to scale the original Manning’s
surface roughness coefficients downward to refldtanges in vegetation condition. The
resulting scaled Manning’s and RD grids were then re-incorporated back in® dhiginal
Manning’'sn grid and DEM for the Keamuku Parcel to serve es mputs for theaLS+ model
that more accurately reflected post-maneuver lamisconditions.

5.6 SAMPLING RESULTS

A total of 389 gully locations were used mh.S+ model calibration and validation (Table 8).
Most gully locations were provided by installatidtAM staff; however a significant proportion
(17-100%) were generated by project personnel dufiald visits and through heads-up
digitizing of high-resolution aerial photographBigital files of gully locations are available in
GIS format {.e., shapefiles) and are packaged withnh&+ model tools.

Table 8. Summary of gully data acquired from instdlations and generated fornLS+ model
calibration and validation.

Installation Total Gully LocationsInstallation Provided (%) Project Generated (%)
Fort Benning 65 53 (82%) 12 (18%)

Fort Hood 192 159 (83%) 33 (17%)

Fort Riley 49 18 (37%) 31 (63%)

Kahuku Range | 47 36 (77%) 11 (23%)

Keamuku Parce| 36 0 (0%) 36 (100%)
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6.0 PERFORMANCE ASSESSMENT

The following section provides a summary of alladahalysis conducted in the assessment of the
performance objectives.

6.1 OBJECTIVE #1: IDENTIFY THE CRITICAL THRESHOL D FOR
ACCUMULATED nLS+ VALUES FOR EACH STUDY INSTALLATION

Data analysis in support of the first performanbgative is broken down into information
concerning gully data processing, model calibrateord model validation and accuracy.

6.1.1 Gully Data Processing

Data on the location of gullies at selected inatelhs were obtained from ITAM staff and/or
collected during site visits. Excluding Fort Rilapd Keamuku Parcel, gully data obtain from
ITAM personnel were typically collected using glbpasitioning systems (GPS) and input into
a geographic information system (GIS) as line femtu At Fort Riley and Keamuku Parcel,
gully data were recorded as point features. Dpsee attributes for gullies were often, but not
always, included in the GIS files, though the tymdsdata collected e(g., name, location
description, cause, width, depth, length) varigphigicantly. In this analysis, all mapped gullies
for each installation were converted in a GIS iptant features prior to further processing and
model execution.

The nLS+ model was run for each installation, which reslilite the production of several key
continuous value gridded outputs, including flomndeh (upstream), flow accumulation
(unweighted), and accumulated_S+ values (weighted). Gully points were moveick.(
“snapped”) to the highest flow accumulated valuéhimi one digital elevation model (DEM)
pixel distance of their mapped locations to mininilater model error due to elevation
inaccuracies in the base elevation datasets.n[i&&- model was run for each installation using
10 meter resolution DEMs from the NED as the elewasource. In addition, higher resolution
and LIDAR-derived DEMs were available for threetatlstions: Fort Riley, Fort Hood, and the
“priority 1" area of Keamuku Parcel. For thesetafiations, their associated gully data was
processed twice given the differences in the gdde@del outputs caused by using a different
elevation source.

Gullies for each installation were assessed andat@d” in two separate procedures using
extracted descriptive values from outputs of theS+ model runs. The first procedure
eliminated any snapped gullies positioned on algmewhich the accumulatedLS+ values
equaled zero. For all installations, and basednodel output at a 10 meter resolution, this
removed from further analysis a total of 25 gulliEsaving 364 of 389 (94%) of the original
gully dataset. For the three LIDAR installatiodg, total gullies were removed, with 265 of 277
(96%) of the original gullies remaining (Table 9).
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Table 9. Summary statistics for installation gulles after initial data pre-processing that
removed from further analysis gullies with accumul&ed nL S+ values equal to zero.

Installation No. of Gullies Accumulated nL S+ Values

After | Before| Mean SD Quartile | Median | 3° Quartile
Fort Benning 55 65 9.63 20.37 0.79 2.43 10.94
Fort Hood 190 | 192 26.74 112.15 0.34 1.66 8.710
Fort Riley 46 49 491.80 2824.10 1.81 7.59 49.28
Kahuku Range| 37 47 42.21 149.82 1.81 7.91 18.95
Keamuku 36 36 662.29 2414.01 2.72 13.77 79.63
*Fort Riley — L | 42 49 2,515.41| 7,617.68 3.60 14.31 602.40
*Fort Hood — L| 192 | 192 8,199.22| 35,315.385.49 697.50 3,698.00
*Keamuku - L | 31 36 29,069.4856,327.36 6,073.06 10,188.8022,539.90

* The L designation indicates LIDAR data were udedng thenLS+ model runs.

After initial processing to remove spurious accuahedinLS+ values from the combined gully
dataset, box and whisker plots for each instaliatiased on flow length (m) were used to assess
the presence of outlying values (Figure 36 and 3The “boxes” in each plot represent the
interquartile range, or the distance between tret &nd third quartile values, and contain the
median (dark horizontal line) flow length value megentative of installation gullies.
“whiskers” extend below and above the first anddiguartiles, respectively, a distance of 1.5

times the interquartile range or below to zerdéttvalue is reached first.
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Figure 36. Installation boxplots of flow length (ypstream) extracted at each field measured
gully location using 10 meter DEM as model input.
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Figure 37. Installation boxplots of flow length (ypstream) extracted at each field measured
gully location using 3 meter LIDAR DEMs as model iput.
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As a second pre-processing step, any gully charaetk by an upstream flow length value
beyond the lower or upper whisker was removed fthen dataset and excluded from further
analysis. These “excess” flow length values tyipjaesharacterized gullies that greatly exceeded
the group targeted for this model analysis in teain@idth and depth, as well as the associated
type of overland flow€.g.,sheet versus concentrated flow). For all instialtagullies, at both
NED and LIDAR resolutions, only high outlying vakief flow length were present. A very
conservative total of 43 and 23 additional gulkéNED and LIDAR resolutions, respectively,
were removed from analysis during this step (Tdlile The value defining an outlying flow
length value for each installation greatly exceettedtypical values associated with sheet flow
for all natural landcover types (USDA 1986, McCurd Spiess 1995).

Table 10. Summary of outliers and outlying upstrem flow length values for gullies by
installation. The outlier threshold represents thdirst, and lowest, flow length value
associated with an installation gully that was exalded from further analysis.

Installation No. of Outliers | Outlier Threshold (m)
Fort Benning 5 241.4

Fort Hood 23 651.1

Fort Riley 5 925.3

Kahuku Range | 4 140.7

Keamuku Parcel 6 3014.2

Fort Riley — L 7 771.4

Fort Hood — L 12 1,900.0

Keamuku — L 4 2,527.1

After secondary processing, 321 of the original $8dlies (83%) remained (Table 11) when
considering flow lengths computed from NED data.he® using the higher spatial resolution
LIDAR as model input, 243 of the original 277 gedi(88%) were retained. A comparison of
Tables 9 and 11 shows how the removal of gulliesradterized by excessive flow length
resulted in dramatic reductions in mean accumulat&i values for each installation, as well as
the associated standard deviations. For exampéemean accumulaten S+ value for Fort
Hood after initial processing with the NED DEM w2a6.74 which declined to 4.88 after the
secondary cleaning procedure. Similarly, the dispe of accumulatedLS+ values declined
from 112.15 to 8.28.

After primary and secondary pre-processing, anoiber of boxplots was generated for
accumulatechLS+ values (Figures 37 and 38) at each analysis résolu The distribution of
values for each installation was very skewed armduded a number of high outliers. This
general assessment was confirmed after examinstggrams of accumulated_S+ values for
each installation. The histogram of accumulate&+ values for Fort Hood clearly illustrates
the “right-skewed” distribution characteristic bt for all installations (Figure 39).
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Table 11. Summary statistics for gullies at the istallation level after initial and secondary
data pre-processing that removed gullies with botlaccumulatednL S+ values equal to zero
and outlying flow length values.

Installation No. of Gullies Accumulated nL S+ Values

After | Before| Mean SD Quartile | Median | 3 Quartile
Fort Benning 50 55 4.37 5.01 0.71 2.06 6.43
Fort Hood 167 | 190 4.88 8.28 0.26 4.88 5.84
Fort Riley 41 46 37.97 74.83 1.10 3.00 24.69
Kahuku Range | 33 37 1.43 0.79 0.81 1.53 1.96
Keamuku Parcel 30 36 108.16 | 255.16 2.44 8.72 33.91
Fort Riley — L 36 42 468.68| 1,545.26 3.45 46.87  888.
Fort Hood — L 180 | 192 2,916.66,727.01 | 65.53 48.29 2,560.00
Keamuku — L 27 31 12,531{212,996.05 5,454.46 7,575.6014,583.65

Figure 37. Boxplot of accumulated nLS+ values foeach installation after primary and
secondary processing and using 10 meter DEM as mddieput.
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Figure 38. Boxplot of accumulated nLS+ values foeach installation after primary and
secondary processing and using LIDAR DEM as modehput.

Initial Weighted Flow Accumulation Values (LIDAR)

=]

Ge+04 Be+04 1e+05
! 1
[el«3)

Weighted Flow Accumulation
4e+04
!
(s

00D OO @

2e+04
!

Oe+00
1

T T
Hood Keamuku Riley

Figure 39. Histogram of accumulated nLS+ values fd~ort Hood, Texas after primary and
secondary processing. The right-skewed distributio evident here is typical of that seen for
all installations.
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The extremely skewed.€., non-normal) distribution of accumulated S+ values for gullies
prevents using the installation mean and standawition to compute the critical thresholds
required to predict locations of gully formationFor example, the standard deviations of
installation accumulatedL S+ values exceed the mean for 4 of the 5 installat&tndied, even
after secondary processing (Table 11). To fatditzetter selection of appropriate accumulated
nLS+ thresholds, and to help meet the assumptions iassdcwith later statistical tests
associated with Performance Objective #2, a logstamation was applied to the original
accumulatedhLS+ values extracted for each installation gully. ekftransformation, the range
of values more closely approximated normal distrdns, as typified by the resulting histogram
for Fort Hood (Figure 40).

Figure 40. Histogram of log-transformed accumulaté nLS+ values for Fort Hood, Texas
after primary and secondary processing. The improgment in normality evident here is
typical of that seen across all installations anddth NED and LIDAR resolutions.
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After log-transformation, a final series of boxmoiwere generated of the transformed
accumulatedhLS+ values for gullies at each installation. Outlylogy values were detected for

two installations at NED resolution: Fort Benniimg= 2) and Fort Hood (n = 1) (Figure 41). An

additional five outliers were identified at LIDARSolution, including 3 at Keamuku Parcel and
1 each at Forts Riley and Hood. As a tertiary famal data pre-processing step, these outliers
were also removed from further analysis. Aftdrpme-processing was complete, 71 of 389
(18%) of the original gullies sampled from all ialations were excluded from analysis (Tables
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12 and 13). Considering only those installationth available LIDAR data, 41 of 277 (15%)
were omitted duringLS+ model calibration and validation.

Figure 41. Examples of boxplots of log-transformedccumulated nLS+ values, with NED
DEMs as input, for Fort Benning, Georgia (left) andFort Hood, Texas (right) showing
outlying values.
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Table 12. Number of gullies excluded from furtheranalysis for each installation (and total)
after primary, secondary, and tertiary data pre-processing when using NED DEMs as

model input.
Installation No. of Gullies Total Original No. of
Excluded from Analysis Gullies No. of Remaining

Primary | Secondary Tertiary Excluded | Gullies Gullies (%)
Fort Benning 10 5 2 17 65 48 (74%
Fort Hood 2 23 1 26 192 166 (86%)
Fort Riley 3 5 0 8 49 41 (84%
Kahuku Range 10 4 0 14 47 33 (70%)
Keamuku Parcel 0 6 0 6 36 30 (83%)
All Installations 25 43 3 71 389 318 (82%)
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Table 13. Number of gullies excluded from furtheranalysis for each installation (and total)
after primary, secondary, and tertiary data pre-processing when using LIDAR DEMs as

model input.

Installation No. of Gullies Total Original Remaining

Excluded from Analysis Gullies No. of Gullies (%)

Primary | Secondary Tertiary Excluded | Gullies

Fort Riley 7 7 2 16 49 33 (67%)
LIDAR
Fort Hood 0 12 1 13 192 179 (93%
(LIDAR)
Keamuku Parcel 5 4 3 12 36 24 (67%)
(LIDAR)
All Installations 12 23 6 41 277 236 (85%)

6.1.2 Model Calibration

After log-transformation and tertiary data procegsinstallation means and standard deviations
for accumulatednLS+ values were much better representations of cenéatlency and
dispersion (Table 14). The remaining gullies facle installation were divided into calibration
and validation datasets with 30% of the total nunddegullies (or a minimum of 10) used for
model calibration and the remainder for validatidnstallation gullies in the calibration dataset
were randomly selected from the complete set sy fienerating a spatially random point layer
in a GIS, whose distribution was constrained byitis¢allation boundary, then choosing gullies
closest to each randomly-place point. Installaterel critical thresholds for accumulatetdS+
values were then calculated as the installationnngas and minus one-half of the standard
deviation (Table 15).
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Table 14. Summary statistics for calibration gullie at the installation level.

Installation No. of Gullies Log-Transformed Accumubted nLS+ Values
Calibration | Validation | Mean| SD T Median| 3
Quatrtile Quatrtile
Fort Benning 14 34 0.37| 0.50 0.22 0.31 0.58
Fort Hood 50 116 0.02| 0.87 -0.49 0.00 0.66
Fort Riley 12 29 0.59| 0.86 -0.16 0.93 1.16
Kahuku Range | 10 23 0.60 0.80 0.18 0.33 1.17
Keamuku 10 20 0.56 | 0.81 -0.03 0.39 1.01
Parcel
Fort Riley 10 23 1.11| 1.38 0.51 0.74 1.48
(LIDAR)
Fort Hood 54 125 239 | 1.15 1.48 2.41 3.26
(LIDAR)
Keamuku 10 14 414 | 0.32 3.89 4.12 4.35
Parcel (LIDAR)

Table 15. Critical threshold values from calibration gully datasets for accumulatednL S+
values. Threshold values for gully prediction repesented by the interval defined by the
lower- and upper-bounds.

Installation Accumulated nLS+ Values (Log Transformed)| Contributing Area (m?)*
Mean | SD | Lower Bound# Upper Bound@ Minimum Maximum

Fort Benning 0.37| 050 0.12 0.62 132 417

Fort Hood 0.02 | 0.87 -0.42 0.46 38 288

Fort Riley 0.59 | 0.8 0.16 1.02 145 1,047

Kahuku Range | 0.60| 0.80 0.20 1.00 158 1,000

Keamuku Parce] 0.56 | 0.81| 0.165 0.97 146 933

Fort Riley — L 1.11 | 1.38§ 0.42 1.80 24 568

Fort Hood — L 239 | 1.1% 1.24 2.97 156 8,399

Keamuku — L 414 | 0.32 3.98 4.30 85,949 179,574

# Lower bound calculated as mean — (0.5 * SD)
@ Upper bound calculated as mean + (0.5 * SD)

* Estimates backcalculated from log-transformecuatulatechLS+ values and DEM resolutio

=]

The range of expected contributing watershed doeagullies at each installation was calculated
using the DEM resolution and the accumulated nL&8ties. Contributing areas ranged from 38
m? (Fort Hood) to 1,047 f(Fort Riley) when using a 10 m DEM and 24 (Fort Riley) to

179,574 rh (Keamuku) when using LIDAR data. Because gullyrfation is expected to occur
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near the transition of overland flow from sheetémcentrated flow, which is expected to occur
at or before 100 m of flow (McCuen and Spiess 1985DA 1986), these contributing areas are
reasonable and suggest that gully formation witlus®n upland areas with higher slope and
relatively small contributing areas.

6.1.2 Model Validation and Accuracy Assessment

The lower- and upper-bounding values for each liasitan were then used in a conditional
statement to query a log-transformed accumulatest grid. The result of the query showed
each grid cell that fell between the lower and wuppeunding values controlled by the
installation mean and standard deviation and, hemicere gullies were predicted to form.

To better visualize the results of the conditionaue query that selected the predicted cells, a
line density surface was created after convertirglipted cells to lines of erosive flow (Figures
42 through 44). Density was calculated using 50@&aius as:

Density = (1 + Lo+ ... + L) / (Tt* r9)

where:
L1 ...k = length of line segments falling within the cil@usearch
r = radius of circular search area

Figure 42. Predicted gully locations (left) and gy density surface (right) representing
number of predicted gullies per square kilometer fo Fort Benning, Georgia based on a
natural breaks classification and NED DEM model inut. Gully locations used for
calibration and validation are shown as blue and yiow dots, respectively, on the left
image.
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Figure 43. Predicted gully locations (left) and gy density surface (right) representing
number of predicted gullies per square kilometer fo Fort Hood, Texas based on a natural
breaks classification and NED DEM model input. Gul locations used for calibration and

validation are shown as blue and yellow dots, respgvely, on the left image.
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Figure 44. Predicted gully locations (left) and gy density surface (right) representing
number of predicted gullies per square kilometer fo Fort Hood, Texas based on a natural
breaks classification and LIDAR DEM model input. Qully locations used for calibration
and validation are shown as blue and yellow dotsgspectively, on the left image.
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A spatial join between installation validation gulliatasets and erosive flow lines generated
from the predicted cells was performed and usedidtermine the distance between each
validation gully and the nearest predicted gullgatton. Predictions were considered correct if
they were within a distance equivalent to a maximairane DEM cell width from the predicted
location. In this analysis, the spatial resolutadreach installation DEM was 10 and 3 meters,
respectively, when using the NED or LIDAR as thevation source.

When considering all installations and only models using NED DEM inputs, 131 of 222 total
validation gullies (59%) were predicted within 1@ters of their correct location (Figure 45).
This percentage correct value increases to 79%8&84 for distances within 20 and 30 m,
respectively. Mean distance to correct locatiorgeal from a low of 4.93 m at Keamuku Parcel
to a high of 18.46 m at Fort Hood. Percentageecbrpredictions (<= 10 m) for individual
installations ranged from a high of 85% for Keamidarcel and a low of 50% for Fort Benning
(Table 16). The total range in distances variedhfia low of 20 m at Keamuku Parcel to a high
of 95.52 m at Fort Hood. Predictions for only enstallation, Keamuku Parcel, met the success
criteria of having more than 80% of gully locatiawrectly identified using installation-specific
accumulatechLS+ thresholds within the required distance precisitirihe precision condition is
loosened to a distance window of 2 times DEM a&sbfution, model success is also achieved at
Fort Benning and Kahuku Range. All installatiorsaghed the minimum 80% prediction
accuracy level at 3 times DEM cell resolution.

Figure 45. Bar plot of distances between prediaieand validation gully locations for all
installations (n = 222). Predictions within a disince of 10 m or less were considered
correct when using 10 m DEMs as model input.
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Table 16. Distance (in meters) summary statistiaand prediction accuracy fornL S+ model
results at each installation using validation gullydatasets and NED DEM inputs.

Installation Distance Summary Statistics (m) *Correet Predictions — No. (%)
Min | Mean| SD Max | Range <=10m | <=20m | <=30m | <=40m

Fort Benning 0| 11.7910.58| 45.89| 45.89 17 30 32 33
(50%) | (88%) (94%) (97%)

Fort Hood 0 | 14.7318.46| 95.52| 95.52 68 86 99 106
(59%) | (74%) | (85%) (91%)

Fort Riley 0 | 13.25 15.19|51.48| 51.48 17 19 24 28
(59%) | (66%) | (83%) (97%)

Kahuku 0 | 10.65| 11.46| 45.28| 45.28 12 20 22 23
Range (52%) | (86%) (96%) | (100%)

Keamuku 0 | 493| 5.68| 20.0020.00 17 20 20 20
Parcel (85%) | (100%) | (100%) | (100%)
All 131 175 197 210
Installations (59%) (79%) (89%) (95%)

* Numbers and percentages are cumulative by distanc

The total hectares of land identified as potergidly erosion sites ranged from a low of 496
(Kahuku Range) to a high of 17,051 (Fort Hood) hvilie total installation area susceptible to
predicted gully erosion falling between 2% (Fortadpand 21% (Keamuku Parcel) (Table 17).

The predicted cell output from tme.S+ model, along with the related gully density suefacan

be used as a tool to focus field surveys for guatignitoring, reducing the need to conduct
detailed fieldwork for extensive portions of antai&tion. This same information may also be
used in planning military exercises to limit, wh@messible, training in gully-prone areas and to

promote solider safety by showing where gully hdgare mostly likely to be encountered.
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Table 17. Comparison of predicted gully to total istallation areas based on model runs
using NED DEM inputs.

"Reduction in

Installation Total No. Cells Predicted No. | Predicted Gully
(Ha) Cells Area (% of Monitoring
(Ha) Total Area (ha)
Installation)
Fort Benning 7,360,670 715,289 10% 66,455
(73,608) (7,153)
Fort Hood 8,851,863 1,686,203 19% 71,657
(88,519) (16,862)
Fort Riley 4,114,075 476,945 12% 36,372
(41,141) (4,769)
*Kahuku Range 382,803 49,618 13% 3,332
(3,828) (496)
*Keamuku 931,294 193,772 21% 7,375
Parcel (9,313) (1,938)
* Values for these sites are a subset of thepaetsve installations.
# Area where gully field surveys can be minimized.

For the three installations with available LIDARFded DEMs, 98 of 163 total validation
gullies (60%) were predicted within 3 meters ofitheorrect location (Figure 46). This
percentage correct value increases to 75% and 8R#istances within 6 and 9 m, respectively.
Mean distance to correct location ranged from addw.64 m at Fort Riley to a high of just over
100 m at Keamuku Parcel. Percentage correct gieasc(<= 3 m) for individual installations
ranged from a high of 75% for Fort Riley and a lof86% for Keamuku Parcel (Table 18). The
total range in distances varied from a low of 10n6kt Fort Riley to a high of over 300 m at
Keamuku Parcel. No installations met the succei$sria of having more than 80% of gully
locations correctly identified using installatiopegific accumulatetLS+ thresholds within the
required distance precision. If the precision ¢l is loosened to a distance of 3 times DEM
cell resolution, model success is achieved at Rively and Fort Hood.
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Figure 46. Bar plot of distances between prediaieand validation gully locations for Fort
Hood, Fort Riley, and Keamuku Parcel (n = 163). Radictions within a distance of 3 m or
less were considered correct when using LIDAR DEMas model input.
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Table 18. Distance (in meters) summary statistiand prediction accuracy fornLS+ model
results at each installation using validation gullydatasets and LIDAR-derived DEMs.

Installation Distance Summary Statistics (m) *Correet Predictions — No. (%)
Min | Mean SD Max | Range <=3m<=6m | <=9m | <=12m
Fort Riley 0 1.64 3.13| 10.61 10.61 18§ 21 21 23
(75%) | (88%) | (88%) | (100%)
Fort Hood 0 3.19 497 | 29.55 29.55 75 97 107 112
(60%) | (78%) | (86%) | (90%)
Keamuku Parce] 0 | 100.32| 101.66| 303.71| 303.71| 5 5 5 5
(Priority 1 Area) (36%) | (36%) | (36%) | (36%)
All Installations 98 123 133 140
(60%) | (76%) | (82%) | (86%)

* Numbers and percentages are cumulative by distanc
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The total hectares of land identified as potengally erosion sites ranged from a low of 1
(Keamuku Parcel) to a high of 1,241 (Fort Hood)}thvthe total installation area susceptible to
predicted gully erosion ranging from approximat&i2% (Table 19). Use of the higher spatial
resolution DEMs result in substantially lower aredsredicted gully erosion as compared to
similar estimates made using NED data and may pusetul in further limiting the extent of
fieldwork needed for ground-based gully surveys.

Table 19. Comparison of predicted gully to total istallation areas based on model runs
using LIDAR-derived DEM inputs.

Installation Total No. Cells Predicted No. | Predicted Gully | "Reduction in
(Ha) Cells Area (% of Monitoring
(Ha) Total Area (ha)
Installation)
Fort Riley 45,712,015 990,763 2% 40,249
(41,141) (892)
®Fort Hood 219,720,338 3,103,310 1% 86,647
(87,888) (1,241)
Keamuku Parcel 3,516,359 13,254 <1% 3,153
(3,165) (12)
@ The spatial resolution of the Fort Hood DEM was 4 4 m.
* Values for this site is a subset of its respextnstallation.
# Area where gully field surveys can be minimized.

Assessment of bothLS+ model performance was also evaluated by usingnéingency table,

or classification error matrix (Story and Congaltb®36, Lillesand and Kiefer 1994). Error
matrices compare the relationship between known medicted data and makes explicit the
magnitude and relationships between accuracy datedeerrors of commission and omission
(Table 20). Three measures of accuracy are typiasded to assess model/classification
performance. Producer’s accuracy is a “refererasett” accuracy computed by determining the
percentage of correct predictions. Consumer, @r,usccuracy is a “map-based” accuracy
measure determined by comparing reference @adp, ground truth) for a class and calculating
the percentage of correct predictions. Errorsmafsgion and commission, then, are found by
subtracting from the value of 1 the producer aner @scuracies, respectively, for a given class.
Errors of commission occur when locations are irexity identified {.e., gully locations
identified by the model are not actually gully ltoas in the field). Errors of omission occur
when locations are not correctly classifie@.( gully locations in the field are not predicted by
the model). Finally, total model accuracy is detieed by assessing the total number of
correctly identified points with respect to thealadumber of points assessed.
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Table 20. Example classification error matrix usedo further assess nLS+ model

performance.
Model Predictions
Row Producer Omission
Gully Non-Gully Total Accuracy Error Total Accuracy

g
a 1-
e Gully A B A+B A/(A+B) (A/(A+B)
E
- I / 1-
o Non-Gully C D C+D D/(C+D) (DI(C+D)
S
o Column A+C B+D A+B+C+D

Total

User AI(A+C) | DI(B+D)

Accuracy
Commission 1- 1- (A+D)/
Error (A/(A+C)) (D/(B+D)) (A+B+C+D)

A = actual gully locations correctly identified biye model (includes gullies at 4 times the distasriterion)

B = actual gully locations incorrectly identified aon-gully locations by the model or at > 4 tirttes distance
criterion

C = actual non-gully locations incorrectly iderdidi as gully locations by the model

D = actual non-gully locations correctly identifiad non-gully locations by the model

In classification error matrices, ground truth dedasists of gully locations recorded in the field
using GPS receivers or digitized from high resolutdigital orthophotography using standard
aerial photo interpretation techniques (Arnold 199Predicted gully locations are those where
thenLS+ model predicts the presence of a gully. In a @8,number of pixels corresponding

to locations of predicted, and actual, gully looat are summed and entered into the
corresponding column and row in the error matr&imilarly, the number of cells where no

actual or predicted gullies were found is also s@tirand their values placed in the matrix.
Simple calculations are them performed to determrmoédel accuracies and errors.

The classification error matrices for model resulssng NED and LIDAR DEM inputs are
presented in Tables 21 and 22, respectively. iesrassessment, actual gullies that were within
4 times the distance criterion established by dtaive performance objective 1 were
considered correct predictions. Model accuragpscifically producer’s accuracy for both the
gully and non-gully class, as well as overall aacyrfor predictions using both DEM types were
very high. The principle issue with model resutisn the significant overprediction of gully
locations, resulting in commission errors for thiygclass of 100% (rounding).
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Table 21. Classification error matrix consisting é data from all installations and based on
results from nLS+ model runs using NED DEM inputs.

Model Predictions

Row Producer Omission
o Gully Non-Gully Total Accuracy Error Total Accuracy
©
(m)
< Gully 210 12 222 95% 5%
>
_'; Non-Gully 3,121,617 18,518,866 21,640,483 86% 14%
c
3 Column
o 3,121,827 | 18,518,878 21,640,705
O Total
User 0% 100%
Accuracy
Commission 100% 0% 86%
Error
Table 22. Classification error matrix consisting é data from Fort Riley, Fort Hood, and
Keamuku Parcel and based on results from nLS+ modelns using LIDAR DEM inputs.
Model Predictions
Row Producer Omission
o Gully Non-Gully Total Accuracy Error Total Accuracy
©
[m)
< Gully 140 22 162 86% 14%
>
_'; Non-Gully 4,107,187 | 264,841,363 268,948,550 98% 2%
c
3 Column
= 4,107,327 264,841,385 268,948,712
(O) Total
User 0% 100%
Accuracy
Commission 100% 0% 98%
Error
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6.2 OBJECTIVE #2: DETERMINE WHETHER A SINGLE CRI TICAL
THRESHOLD FOR ACCUMULATED nLS+ VALUES IS ADEQUATE FOR ALL
STUDY INSTALLATIONS

The second performance objective seeks to determirether a single critical threshold for
accumulatedhLS+ values is adequate for all study installationfwreEholds for each installation
were identified as explained in the previous sectiad log-transformed values of accumulated
nLS+ values for all gullies, combining the calibratiand validation datasets, were used in this
statistical analysis.

A one-way analysis of variance (ANOVA) test wasdise compare mean differences in log-
transformed accumulatenl S+ values for gullies from each installation. Oneyw&NOVA
tests are appropriate when there is only one intig@ variablei(e., the accumulatedLS+
value) and if three key assumptions are met. ,Rinstgully populations from which the sample
locations were obtained should be normally (or meamally) distributed. In this analysis, log-
transformation of the raw accumulatetdS+ values allows the independent variable to better
meet this normality requirement. For example, €8 lists the skewness and excess kurtosis
values for the distribution of accumulatedS+ values at installation gully locations before and
after transformation and Figure 47 shows the hrstogfor accumulatedLS+ values at Kahuku
Range, Hawaii before and after transformation. hBidble 23 and Figure 47 are based on data
generated fronmLS+ model runs using NED DEM inputs, but results fromadel output using
LIDAR DEM as input were similar.

Table 23. Measures of the shape of the distributiaof accumulated nLS+ values at gully
locations for study area military installations bagd on model runs using NED DEM inputs.

Installation AccumulatedLS+ Values AccumulatechLS+ Values
(Original) (Log Transformed)
Skewness# Kurtosis@ Skewness# Kurtosis@
Fort Benning 1.16 0.38 -0.93 1.08
Fort Hood 2.68 8.41 -0.24 -0.74
Fort Riley 2.29 5.08 -0.13 -0.12
Kahuku Range 2.69 8.90 -0.11 -0.46
Keamuku Parcel 2.49 6.99 0.62 -0.22
FRK L 4.22 22.96 -0.14 0.60
FHT L 4.98 32.57 -0.46 -0.41
PTA L 1.76 3.76 0.42 -0.10
# Skewness for a perfectly normal distributionagq O.
@ The kurtosis value shown here is “excess kig'toghere, for a perfectly normal distribution,
the kurtosis value equals O rather than 3.
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Figure 47. Histograms showing the distribution oiccumulated nLS+ values for gully
locations at Kahuku Range, Hawaii before (left) andafter (right) log-transformation
needed to meet the normality assumption of the ongay ANOVA test. Data are based on
model runs using NED DEM inputs.
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The second consideration is sample independenkis. aSsumption is met because gully sample
members from each installation are unrelated to am@her. In other words, selection of an
actual gully location at one installation, for exaenFort Benning, did not result in the selection
of another specific gully present at the Keamukic&gPohakuloa Training Area).

Last, the variance associated with accumulatie8+ values for the gully “populations” must
equal. Bartlett's test for homogeneity of variar{&edecor and Cochran 1983) was used to
assess this assumption for the log-transformednagiaiednLS+ values based on data from
model runs using both NED and LIDAR DEM inputs. st was the null hypothesis that
sample variances were equal. For NED-derived autha computed test statistic, Bartlett's K-
squared, was 8.25 (df = 4, p-value = 0.08). |If fhealue was greater than the chosen
significance level, the null hypothesis cannot éecsted. Here, the p-value was greater than
0.05. Given this result, the conclusion was thatalations have equal variances associated with
log-transformed accumulated S+ values. For LIDAR-derived output, the computedti#rs
K-squared statistic was 33.91 (df = 2, p-value <&l Since the p-value was less tham
0.05, the null hypothesis that the variance ofaltetion log-transformed accumulated S+
values are equal is rejected.

The Bartlett test, however, is sensitive to depagudrom normality and, despite transformation,
the installation accumulated_S+ values derived from both NED and LIDAR DEM dataruu

have perfectly normal distributions. The Levens is an alternative to the Bartlett test that is
less sensitive to departures from normality. Athwihe Bartlett test, the null hypothesis being
tested was that sample variances were equal. Afiewaobust Brown-Forsythe Levene-type
test (Brown and Forsythe 1974), or Levene testedbas the absolute deviations from median
installationnLS+ values from NED DEM model runs yielded a testistiat of 2.31 (p-value =
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0.06). Since the resulting p-value is greater than 0.05, the Levene test confirmed that the
variance associated with installation accumulate®+ values was equal. FarLS+ values
calculated from LIDAR DEM calculations, the Levemst statistic was 13.12 (p-value << 0.01),
rejecting the null hypothesis. In this instandee tvariance of LIDAR-derived installation
accumulateaLS+values were not equal.

After confirming that all assumptions had been foetNED-derived accumulated.S+ values,

a one-way analysis of variance (ANOVA) test wasduse compare mean differences in
accumulatednLS+ values from gully locations across each instaltati A one-way layout
consists of a single factor (log-transformed acdated nLS+ values) with several groups
(installations) and multiple observations (gullies)each group. By comparing the within-group
variances to the between-group variance, a one-Md®VA helps to determine whether
accumulatechLS+ values for gullies at each installation were digantly different. The null
hypothesis tested was that the mean accumuidi&d value at each installation was the same.
The resulting F test statistic equaled 12.85 (natoerdf = 4, denominator df = 91.60value

<< 0.001) which allowed rejection of the null hypesis that installation mean accumulated and
log-transformedLS+ values were equal.

Since the decision was to reject the null hypothesi least one of the installation means was
different from the others. However, the ANOVA daest indicate for which installation(s) a
significant difference exists. A Tukey’'s HonestBignificant Difference (HSD) test was
performed to examine all possible pairwise diffees) between installation means to help
identify which installation(s) contributed most tlte ANOVA result. The Tukey HSD test is
based on the studentized range distribution of gi@stallation) means and assigns each group
an upper and lower mean value limit according torfidence coefficient (Table 24). Based on
a 95% confidence level, a total of 4 out of 10 gusspairwise comparisons (40%) show
significant differences in the studentized meanhe visual comparison in Figure 48 helps
illustrate this further where, if intervals for paise installation comparisons do not contain the
zero value, then a significant difference in meaxists.
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Table 24. Results from the post-hoc Tukey HSD tebiased on data from NED DEM model
runs. Installations in bold have significant diffeences in mean accumulated nLS+ values
based on a 95% confidence coefficient.

Installation Difference in Lower Upper p-Value

Pairs Means Limit Limit (Adjusted)
FHT-FBG -0.24250561 -0.62664950 0.1416383 0.4157654
FRK-FBG 0.46071399 -0.03776190 0.9591899 0.0854122
KAH-FBG 0.41199004 -0.11807191 0.9420520 0.2089164
KEA-FBG 0.75092499 0.20538353 1.2964665 0.0017699
FRK-FHT 0.70321960 0.29442900 0.29442900 0.0000350
KAH-FHT 0.65449565 0.20773261 1.1012587 0.0006942
KEA-FHT 0.99343060 0.52840692 1.4584543 0.0000001
KAH-FRK -0.04872396 -0.59691088 0.4994630 0.9992158
KEA-FRK 0.29021100 -0.27295747 0.8533795 0.6191600
KEA-KAH 0.33893496 -0.25237390 0.9302438 0.5160636
FHT = Fort Hood; FBG = Fort Benning; KAH = Kahukaiye (Schofield Barracks); KEA =
Keamuku Range (Pohakuloa Training Area); FRK = Roley
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Figure 48. Graphical results from the post-hoc Tuky HSD test based on data presented in
Table 17. Intervals that do not contain a zero vale (dashed vertical line) indicate a
significant difference exists between installatiomean accumulated nLS+ values.
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Difference in Installation Means

Defining a single critical threshold for log-transihed accumulatechLS+ values was not
appropriate given the installations studied anchgiNED DEM inputs. Values calculated for
two installations — Fort Hood and Keamuku Parcebrtributed most to this difference. While
Fort Hood was significantly different in all paisé comparisons except for Fort Benning,
Keamuku Parcel differed from all but Kahuku Rangd Bort Riley.

Since previous results from the Levene test for ARBbased accumulatedLS+ values
confirmed unequal variances, an ANOVA was not tlpprapriate test to compare mean
difference in accumulatedL S+ values. The non-parametric Kruskal-Wallis one-wd@yOVA
test, however, is an alternative to the paramefOVA for non-normal distributions or in
situations where variance is unequal and testsetpeality of median, rather than mean,
population values. A one-way ANOVA is then appltedhe ranked data rather than the original
measures.

A box plot of LIDAR-derived and log-transformed aaculated nLS+ values (Figure 49)
suggested that the installation medians were moilagi This was confirmed by the Kruskal-
Wallis chi-squared test statistic = 89.67 (df fpjalue << 0.01). The null hypothesis here was
that log-transformed accumulatatdS+ values came from the same data distribution. ethe
p-value was much less than 0.01, we rejected thenypothesis and concluded that installation
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values were significantly different (non-identiqgadpulations where the same critical threshold
would not be accurate). As was the result with Nde&bvednLS+ values, dfining a single
critical threshold for log-transformed accumulatedS+ values was not appropriate for the
installations studied and using LIDAR DEM inputs.

Figure 49. Box plot of installation median log-traasformed accumulated nLS+ values
based on data from models runs using LIDAR DEM inpts.
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6.3 OBJECTIVE #3: FORECAST AREAS WHERE GULLIES ARE LIKELY TO
FORM IN RESPONSE TO FUTURE MILITARY TRAINING EVENTS AT FORT
RILEY AND POHAKULOA TRAINING AREA (KEAMUKU PARCEL)

Data analysis in support of the third performangctive is broken down into information
concerning rut depth and impact severity scoreS, @Bbcessing, and modeling results.

6.3.1 Computing Rut Depth and Impact Severity Sces

The third, and final, quantitative performance achje used theaLS+ model to predict where
gullies were likely to form in response to a miljtaraining event. For this objective, the
location of vehicle tracks was used to modify thmgioal installation DEM and LULC layers
(and associated Manningis coefficient) based on information regarding thdoeiy of a
traveling military vehicle, the radius of track eas, and estimated soil moisture conditiong
wet vs. dry). Past research by investigators fritra University of Tennessee and the
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Engineering Research and Development Laboratoryonsttuction Engineering Research
Laboratory (ERDC-CERL) that quantified vehicle &agnpacts in terms of rut depth and
vegetation damage was used to modify the origiraMDand LULC datasets. Though actual
vehicle track widths will almost always be lessnthihe spatial resolution of DEM and LULC
datasets used as model input, vehicle-induced @satagthe landscape were applied to any pixel
through which a track passed, regardless of thegl'pi dimension. Because the erosion
potential model, and its resulting gully predicgpare based on a raster, or grid, format, it ts no
necessary to account for sub-pixel impacts or mse® All that is necessary to know is (1) that
a vehicle passed through a cell and (2) the estunggduction in elevation.€., rut depth) and
change in surface roughndgs., vegetation removal) caused by that passage.

Three Stryker vehicles from a reconnaissance ptatdahe 2nd Brigade of the 25th Infantry
Divison were tracked during an off-road proofingseion on the Keamuku parcel using GPS-
based tracking systems to determine vehicle movepetterns and estimate soil loss impacts
(Howardet al.2011). Track data recorded by GPS units onbdeedhree Stryker vehicles were
obtain from Dr. Paul Ayers (pers. comm.). The da¢e received as a text file with geographic
coordinate information acquired at approximatelg second intervals. Each GPS record also
included key attributes such as vehicle velociti(Y and course over ground (COG) along with
a detailed date/time stamp identifying when thdtposrecord was acquired.

Rut depth was calculated as a function of vehiateihg radius. Litet al.,(2009) described the
relationship between the inside and outside trémka Light Armored Vehicle (LAV) operating

in a spiral test pattern at two speed (4 and 8 ragter second) during experimental maneuvers
at Fort Lewis, Washington in 2002 (Figure 50).

Figure 50. Relationship between rut depth and LAMurning radius (from Liu et al., 2009).
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Based on these findings, a generic power functias defined to estimate vehicle rut depth
using the curve for the outside track that genertite deeper rut:
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RD = 67.571*TR*?'8

where:
RD = rutting depth (cm) for wet soil conditions
TR = vehicle turning radius (m)

To obtain rut depth predictions, estimates of Mehiwirning radius at each location were
calculated from five consecutive position fixes ngsithe five-point method outlined in
ERDC/CERL Technical Report 00-43 (Ayers et al., @0(~igure 51). All calculations related
to the five-point method were executed with the osa Python script with results appended to
the original vehicle track file along with the dexd rut depth values for both wet and dry
conditions.

Figure 51. Turning radius measurement points follaing the five-point method (adapted
from Ayers et al., 2000).
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First, the slope of lines from the first (A) torithi(C) and third (C) to fifth (E) locations were
calculated from their respective coordinate points:

Mac= (Cn—Av) / (Ce— Ae)
Mmce=Ev-Q)/ Ee- &)

where:
Xn = value of northing coordinate (latitude) for po¥t
Xe = value of easting coordinate (longitude) for poin

Next, the slope of the perpendicular bisects te AC at position B and line C-E at position D
were computed:

Mg =-1/mac
Mp. =-1/mcg
where:

ma.c = slope of line from first (A) to third (C) vehelpositions
mc.e = slope of line from third (C) to fifth (E) veheglpositions

From this, the intercepts of these perpendiculsedis were found by:

bg.1 =Bn-me. * Be
bp.; =Dn - mp. * De

where:

Xn = value of northing coordinate (latitude) for pokt
Xe = value of easting coordinate (longitude) for poin
mg.; = slope of the perpendicular bisect to line A-C
mp.; = slope of the perpendicular bisect to line C-E

Next, the intersection of these perpendicular sseere found by solving two equations with
two unknowns:

In=me * g + bg,
In= Mo * I+ bp.

where:

mg.; = slope of the perpendicular bisect to line A-C
mp.; = slope of the perpendicular bisect to line C-E
bg.| = intercept of the perpendicular bisect to lin€A-
bp.; = intercept of the perpendicular bisect to lin&C-

Last, the distance from point C to intersectionasvealculated. This distance was equivalent to
the vehicle turning radius at point C:
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TR = (In—Cn)* + (I - C))"®

where:

TR = vehicle turning radius (m)

In = value of the northing coordinate (latitude) tloe intersection of the perpendicular
bisects to lines A-C and C-E

le = value of the easting coordinate (longitude)tha intersection of the perpendicular
bisects to lines A-C and C-E

To account for possible vegetation removal after plassage of a military vehicle, an
impact severity (IS) score was generated to refleetpercentage of soil and vegetation
damaged (or removed) (Ayegsal., 200):

IS = 261(TR>") * VEL %2

where:

IS = impact severity (%)

TR = vehicle turning radius
VEL = vehicle velocity (m/s)

The range of impact severity scores and their nmganglative to soil and vegetation
disturbance are summarized in Table 25. These gtadgmpact severity scores were
used to scale the original Manningssurface roughness values associated with the
LULC types traversed by a military vehicle by salsting from 100% the product of
values for impact severity original surface rougimeFor example, a calculated turning
radius value of 100 m yielded an impact severigras®f 8.8 which would then be used
to reduce the Manning’s surface roughness coefficient at that locatiorobly 8.8%.
Similarly, a turning radius of approximately 8.5(ar less) resulted in an IS score of 100
and a transformed Manning’s n value of 0. In 8tigdy, however, the minimum surface
roughness condition used was 0.05, equivalent ab dh “barren land”. Computed IS
scores were also appended to the original vehiatk ffile.
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Table 25. Summary of impact severity scores and #ir corresponding meanings (Source:

Li et al., 2007)
Impact Description
Severity (%)

0 No visible disturbance as compared to surroundaggtation/area

10 Laying down of vegetation; few, if any, brokearss; no evidence of
vegetation shearing

20 Some broken stalks/plants; visible soil distad®g possibly exposing
bare soll

30 Obvious depressed soil and vegetation with Sggmt vegetative

damage and slight removal; piling on track edgeemi; movement of
plants/soils towards the edge of vehicle track autircompletely
shearing plant at roots; some bare soil exposed

40 About 1/3 of vegetation still present and int@acthe track; significant
amount of bare soil exposed; larger piling of vagieh on edge of
track due to shearing motion of the vehicle, fuynoving species
from the track; some of the pile has overturnegosig roots

60 Few vegetative species still intact on vehiathppiling of vegetation
and soil on the edge of the path; pile is compjetekerturned,
exposing roots

80 Few vegetative species still intact on vehiathppiling of vegetation
and soil on the edge of the path; pile is compjedekrturned,
exposing roots

100 Complete removal of vegetation and soil; singgaiction of vehicle has
left vehicle track bare; sheared vegetation aniddsgiled on edge of
track

6.3.2 GIS Processing

Following the impact severity, turning radius, antddepth calculations, vehicle track files were
imported into a GIS and combined into a single éfeall GPS position records. These points,
and their corresponding attributes were then cdadento two gridded track files representing
the calculated values for impact severity (IS) antddepth (RD), respectively, at the same spatial
resolution of the DEM used to describe installati@mrain. During this point to raster
conversion, the maximum value for IS and RD wetained if more than one GPS point would
be located within the same grid cell. The IS amidrids were then used to modify the original
Manning'sn and DEM layers for the installation using condiibstatements embedded within a
raster calculation to create new inputs fornh&+ model.

Validating the Kinematic Wave Approach for Rapid
Soil Erosion Assessment and Improved BMP Site
Selection to Enhance Training Land Sustainability 76 January 2014



6.3.3 Modeling and Results

As reported by Howardt al.,(2011), most of the vehicle movement during proginaneuvers
occurred on roads (Table 26). A total of over &7 & off-road travel was recorded with a

vehicle average of 9.1 km at an average speed®fr/sec. For all of the vehicles, 1,251 of
vegetation was removed per vehicle during the pngahaneuver.

Table 26. Summary data from the Stryker proofing naneuver conducted at Keamuku
Parcel (Pohakuloa Training Area), Hawaii (from Howad et al., 2011).

Vehicle Total Off-Road Vegetation
Removed
Distance Avg Speed Distance Avg Speed Area (nf)
(km) (m/s) (km) (m/sec)
PTA 08| 65.27 4.86 5.90 3.33 722
PTA 17| 118.30 5.00 11.85 4.00 1,642
PTA 19| 117.32 5.15 9.65 3.75 1,388

A summary of the computed data for IS and RD ueedddify thenLS+ model inputs in shown

in Table 27. Figure 52 illustrates the resultiBgahd RD values for Stryker vehicle PTA19 for a

portion of its off-road track.

Table 27. Summary of computed data for impact seviy and rut depth used to modify
nLS+ model inputs and predict new gully erosion aras after the Stryker proofing

maneuver conducted at Keamuku Parcel (Pohakuloa Tiaing Area), Hawaii.

Vehicle | No. GPS Impact Severity (IS) Score (%) Rut Depth (cm)
Points 1° Quart | Median | & Quart | £ Quart | Median | & Quart
PTAO8 | 1672 10.15 22.46 53.32 0.03 0.17 0.93
PTA 17 | 2972 13.62 42.37 52.44 0.07 0.24 0.85
PTA 19 | 2518 11.42 39.86 54.22 0.04 0.17 0.70
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Figure 52. Estimated impact severity (IS) and rutlepth (RD) values for Stryker vehicle
PTA19 for a portion of its off-road track during pr oofing maneuvers conducted at
Keamuku Parcel (Pohakuloa Training Area), Hawaii.
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The nLS+ model was re-run for Keamuku Parcel using the freiDEM and Manning'sn

grids to reflect post-maneuver landscape conditiofifie previously computed accumulated
nLS+ threshold value for Keamuku Parcel, 0.155 to 0.9%%s used again to determine if new
areas of erosive potential would be generated asible after applying estimated landscape
impacts from GPS-derived vehicle tracks. This &malysis” of model results showed an
additional 326 cells that were candidate sitesgialty erosion (Figure 53). Given the 10 m
spatial resolution of the Keamuku DEM used, themstates into an additional 3.26 ha of new

land area that may be subject to active erosioapproximately 0.12 ha per off-road kilometer
travelled by the maneuvering Strykers.
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Figure 53. Predicted future gully erosion sites () from Stryker proofing maneuvers
conducted on the Keamuku Parcel (Pohakuloa TrainingArea), Hawaii (right).
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As of this report, predicted new erosion sites hatdbeen re-visited in the field to assess erosion
status. However, Howaret al., (2011) noted that significant vegetation recovang regrowth
took place one month after the proofing maneuverthat over 90% of the damaged vegetation
had recovered after 15 months of the initial impalhis rapid vegetation recovery rate will help
limit post-maneuver erosion unless precipitatioaras take place soon after maneuvers.

6.4 OBJECTIVE #4: PROPOSE GEOGRAPHIC REGIONS WITHIN WHICH
INSTALLATION-SPECIFIC CRITICAL THRESHOLDS FOR ACCUM ULATED
nLS+ VALUES ARE VALID

Results from Performance Objective #2 showed trehgle critical threshold for accumulated
nLS+values was not valid for all study installatioriastead, the critical thresholds calculated in
this study have location-specific significance.c8ese of this, the fourth performance objective
sought to use of ecoregion boundariesg( EPA Level Il/lll) as a framework to make
installation-specific critical thresholds more apable off-site.

As an initial check on the feasibility of using eegion boundaries as a means to translate
individual installation results into a spatiallyntmuous estimate of criticalLS+ thresholds,
general environmental conditions at each site vassessed using the Jaccard distadge ¢r
dissimilarity index (Jaccard 1902, Jaccard 1912)e Jaccard index is commonly used to
analyze ecological data recorded in binary forrafien in the form of “presence/absence” data,
and is defined as the quotient between the intBoseand the union of the pairwise compared
variables among two objects. Values range betwkeén with large values indicating more
dissimilarity and low values less dissimilarity (rasimilar).
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Variables selected for Jaccard analysis includedhsarologic groups, landcover types, and
slope > 10% for each installation (refer to Secdah Site Characteristics). These qualitative and
guantitative data were recorded in a binary matugh that a value of “1” indicated a particular
soil condition, landcover type, or slope criteriasmpresent and/or dominant and “0” if it was
absent or not dominant (Table 28). Typically, $yitirologic groups or landuse/landcover types
accounting for less than 15% of the installatiardgtarea were not recorded. For this analysis,
the “mixed forest”, “developed”, and “other” landar classes were omitted as none were
dominant for any installation.

Table 28. Binary matrix of installation soil and bnduse/landcover types used to computer
the Jaccard dissimilarity index.

Installation | Soil Landuse/Landcover Types Slope
Hydrologic <
Groups 10%
A| B | C| D | Grass| Deciduous| Coniferous| Shrub/Scrul Wetland

Forest Forest

FortHood (O[O0 |1 |1 |1 0 1 1 0 0

Fort 1/0(1/0 |0 1 1 0 0 0

Benning

FortRiley (0|0 |1 |1 |1 0 0 0 0 0

Fortlrwin [(1{0|0|10(0 0 0 1 0 1

Camp 1/0(0(0 |O 0 1 0 1 0

Lejeune

Kahuku 0/1{0(1 |0 0 1 1 0 1

Range

Keamuku (11|00 |1 0 0 1 0 1

Parcel

Most pairwiselsvalues (15 of 21) were large, indicating importdiffierences existed in the soil,
landcover/landuse, and slope conditions analyzedhl€T29). Only three installation pairs had
distance values less than 0.5, including Fort HBod-Riley (0.333), Fort Irwin-Kahuku Range
(0.429), and Fort Irwin-Keamuku Parcel (0.429). ofkrer three pairs had index values equal to
0.500: Fort Hood-Kahuku Range, Fort Benning-Camepeline, and Kahuku Range-Keamuku
Parcel.
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Table 29. Values for Jaccard’s distance @) for all study installations, including Fort Irwin
and Camp Lejeune. Values range between 0-1, withdher values indicating more
differences between sites.

Fort Fort Fort Fort Camp Kahuku
Hood Benning Riley [rwin Lejeune Range
Fort Benning | 0.625
Fort Riley 0.333 0.714
Fort Irwin 0.625 0.750 0.714
Camp 0.750 0.500 0.857 0.714
Lejeune
Kahuku 0.500 0.778 0.750 0.429 0.750
Range
Keamuku 0.667 0.778 0.750 0.429 0.750 0.500
Parcel

The large distance values reported by the Jaccaebs suggested that using common
biogeophysical propertie®.g., ecoregions) as the means to make installatiomcarinLS+
values, as computed here, more spatially expli@guld not be successful. As an example,
environmental conditions at Fort Hood and Fort Rikeere relatively similarJs = 0.333), yet
the means of for their respective criticalS+ thresholds were significantly different (see Table
14) and the mean accumulat@dS+ values for each were significantly different (seguife 45).
However, two installations that were very dissimiia terms of environment, such as Fort
Benning and Kahuku Rangéds(= 0.778), had more similar criticaLS+ thresholds and mean
accumulatedhLS+values. Interestingly, Fort Benning had the saagedrd’s distance valuéy(

= 0.778) with Keamuku Parcel as Kahuku Range, teit mean accumulated.S+ values were
dissimilar.

Given that ecoregionalization of criticalL S+ threshold values do not hold promise at this time,
two different techniques were applied to help viieahow these thresholds might be applied in
a more spatially continuous manner. First, a Eeeln allocation calculation was run in a GIS
that identified for each location in the lower 48itéd States the nearest “source” or installation
(note that EPA Ecoregions are not available for &igw The allocation function generates a
gridded output with unique values corresponding gpecific source that was summarized using
zonal statistics with EPA Level Ill ecoregion boands (USEPA 2013) as the unique zones.
Each Level lll ecoregion was then assigned to atallation based on the majority value present
within each boundary (Figure 54).
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Figure 54. Ecoregion assignment of installation @ical nLS+ thresholds based on
Euclidean allocation criteria. Majority values from the initial allocation grid (left) are used
to assign each ecoregion to a unique installationight).

O

y o

o Benning
o

The second approach used to create a more spattadtjnuous view of the installation critical
nLS+thresholds involved spatial interpolation. A tiplate spline radial basis functions (RBF)
was selected as the interpolation method (Figuje 3hough an exact interpolator, RBF’s will
predict values above, and below, the measured mamimnd minimum values in the dataset.
Though mean prediction error for this interpolatiwas low (0.006), the root-mean-square error
was high (0.621) given the paucity of data poirsisduin the interpolation.
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Figure 55. Preliminary spatially distributed estimate of critical nLS+ threshold values
based on the interpolation of installation resultaising a thin-plate spline radial basis
function technique.
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6.5 OBJECTIVE #5: DEVELOP AND DISSEMINATE A DOWNLO ADABLE AND
EASY-TO-USE GIS-BASED MODELING TOOL WITH DOCUMENTAT ION

Data analysis in support of the fifth performanbgeotive is broken down into information
concerning model design, model performance, anavdieapplication.

6.5.1 Model Design

The nLS+ model was developed with the ArcGIS 10.0 (EsridiReds, CA) suite of GIS
software applications that are routinely utilizenlass DoD agencies and installations. Because
of this, the model itself can be delivered in aietyr of forms, including as an ArcToolbox
“tool”, a Python script, or as a ModelBuilder grapimodel. For this project, the model was
packaged as “toolbox” with multiple sequenced tablsn can be downloaded and used on a
local computer workstation running ArcGIS versidh@or above (Figure 56). The toolbox and
associated modeling tools also included an intedrditelp system to explain the underlying
processes, data requirements, and recommendatiodsfult settings or values as they apply to
execution of the model.

Validating the Kinematic Wave Approach for Rapid
Soil Erosion Assessment and Improved BMP Site
Selection to Enhance Training Land Sustainability 83 January 2014



Figure 56. Screen capture image of the model toalls and component sub-models in the
ArcToolbox application of Esri's ArcGIS 10.0 GIS program.
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The final model — Rapid Soil Erosion Assessmentld@o— is comprised of 6 total sub-models
labeled within the toolbox by number and title. edsrun the model and arrive at final results by
executing each sub-model in numeric sequence frbniP#epare Filled DEM) to #4 (Predict
Gully Locations). Sub-models #5-6 can be usedtedast future gully locations by modifying
the installation DEM and Manning’s grid with GPS-derived vehicle tracks. The inputs,
outputs, and overall function of each submodel susmarized in Table 30 and a graphic
example of Sub-Model #1 is provided in Figure 87omplete model diagrams can be found in
Appendix G.
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Table 30. Summary of sub-model inputs, outputs, ahoverall function.

Sub-Model No.

Function

User Inputs

Final Outputs

1: Prepare Filled
DEM

Prepare DEM and
DEM-derived grids
for Sub-Model 3.

DEM;
Installation Boundary
File

Flow Accumulation
Grid;

Flow Direction Grid;
Slope (%) Grid;
Profile Curvature Grid

2: Prepare Surface
Roughness

Generate Manning'’s 1
grid from NLCD 2006
LULC data layer.

1 DEM (Sets Analysis
Cell Size);
Installation Boundary
File;

NLCD Landcover
Grid;

Lookup Table of
Manning’'sn Surface
Roughness
Coefficients

Manning’'sn Surface
Roughness Grid

3: CalculatenLS+
Accumulation

Compute cell-based
nLS+values and
perform a weighted
flow accumulation.

Slope (%) Grid;

Flow Direction Grid,;
Profile Curvature
Grid;

Manning’'sn Grid
Installation Boundary
File;

AccumulatechLS+
Value Grid;
Log-transformed
AccumulatechLS+
Value Grid

4: Predict Gully
Locations

Uses installation
critical thresholds for
accumulateaLS+
values to identify

areas of gully erosion|,

Log-transformed
AccumulatechLS+
Value Grid;

nLS+ Threshold
Values;

Flow Direction Grid;
Installation Boundary
File

Gully Erosion Lines;
Gully Density Grid

5: Modify Inputs with
Vehicle Tracks
(Forecast)

Generate modified
DEM and Manning’s
n grid based on
vehicle tracks.

Input Vehicle Track
GPS Points;
Original Filled DEM;
Original Manning’s n
Grid

Snap Grid

Modified DEM,;
Modified Manning’s n
Grid

6: Prepared Other
Model Inputs
(Forecast)

Calculate new inputs
for Sub-Model #3
with the track-
modified DEM.

Modified DEM;
Installation Boundary

Flow Accumulation
Grid;

Flow Direction Grid;
Slope (%) Grid;
Profile Curvature Grid

Validating the Kinematic Wave Approach for Rapid
Soil Erosion Assessment and Improved BMP Site
Selection to Enhance Training Land Sustainability 85

January 2014



Figure 57. Diagram of Sub-Model #1: Prepare Fillée DEM. Model inputs are shown in
blue and final outputs in green with the superscrips “P”.
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Feedback from installation ITAM GIS techniciansgesl shape the final form of the modeling
tool as a sequence of smaller and quicker perfamiub-models rather than one large model.
Comments and questions generated during site vigte also invaluable in creating of the
integrated help system to guide users through ¢lopr@cessing procedures.
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6.5.1 Model Performance

Model performance testing was conducted using arenMare Area 51 M15X desktop
workstation computer based on an Intel® Core™ 2dJtare CPU running at 2.66 GHz with 4
GB of RAM and using the Windows 7 Profession (68-bperating system.

Run time for the model, including all sub-modelsl @ssuming a non-LIDAR DEM and satellite
resolution landuse/landcover grid for the instalatwas already on hand, averaged 8.3 minutes,
with a high of 22.4 minutes for Fort Hood (largesttallation by area) and a low of 1.1 minutes
for Kahuku Range (smallest by area) (Figure 58).
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Figure 58. Cumulative model execution time basechacomplete model runs for all study

installations.
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The first sub-model (Tool #1 Prepare Filled DEMpkahe longest time to complete with an
average execution time of 5.3 minutes and was thg sub-model to require in excess of 2

minutes to complete processing (Figure 59). Oeraupit area basis, complete model execution

required approximately 0.0005 sec/ha of land ughdded data at a 10 m spatial resolution.

Figure 59. Average sub-model execution times witstandard deviation bars.
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6.5.2 Model Geoprocessing Web Application

Current Esri and open-source GIS technology supmimvelopment and deployment of GIS web
services and GIS server applications that minimaas, in some cases eliminates, the need for
users/installations to operate proprietary softveerdéong as Internet access is available. Central
management of modeling tools benefits end usersrdmyglering much of the analytical
complexity transparent while ensuring they adherédst practices and techniques defined by
GIS professionals. To demonstrate some of thesefit® a limited ArcGIS Server application
was developed that deliverd. S+ geoprocessing for a single installation (Fort Riley users
over a network via the following URL: http://seres.geog.ksu.edu/ESCTP. This application
will be maintained at this URL for approximately eolyear following the conclusion of this
project.

This prototype delivery method facilitates the teallogy transfer process by simplifying model
use, facilitating access to required input datasatsl eliminating the need to physically
distribute executable files and updates. This @gpgr also offers the potential for greater
efficiency as models and data developed once carudsel by the entire organization.
Alternatively, end users can utilize Web servicasda on ArcGIS Server on their own desktop
systems and infuse their own data or supplementapglications with existing models and data.
By delivering an effective and user friendly GISv& application in this project, the potential
for using server applications as an integrative lyama platform with other biological,
hydrological, and engineering models within the Dariderprise is demonstrated.
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7.0 COST ASSESSMENT
This section provides cost information for implenation of the model at a site.
7.1 COST MODEL

No significant cost element is introduced with iemplentation and operation of theS+ model
(Table 31). The requisite software is already labée to all DoD agencies through a separate
software site license agreement. The model wslb @perate with nationally-available, and free,
input data. However, model results may be supdriasing higher spatial resolution DEM and
LULC inputs. Time to operate the model is minintabugh installation ITAM personnel should
dedicate some time to field assessment and refineafecritical threshold values. Finally, the
GIS model tool, itself, may require revision to ogge within future updates to the current GIS
software version.

Table 31. Cost model for Enhance nLS+ model.

Cost Element Data Tracked during Demonstration| Estimated Costs

GIS Software No unique data tracked Covered by DoD License
Acqusition Agreement with Esri

Model Data No unique data tracked Nothing — nationally avddand
Acquisition free datasets

Operation Costs |« Time to operate model < 2 man-hours

» Computer specifications

Model Operation | « Refine model critical thresholds t¢p 160 man-hours dedicated to field

improve site performance. assessment and model updates.
Model « Update/Revise model to reflect | 10 man-hours
Maintenance new GIS software versions

7.2 COST DRIVERS

The U.S. Army Integrated Training Area ManagemelftAlM) program is charged with
managing its training lands to achieve the objestioutlined in Army Regulations 250-4 and
350-19. ITAM, itself, is composed of four sub-prags, including Range and Training Land
Assessment (RTLA), Land Rehabilitation and Maintemea (LRAM), Sustainable Range
Awareness (SRA), and Training Requirements IntegnafTRI). Each of these sub-programs
fills specific roles in ensuring military commanddrave suitable training lands at their disposal.
A key term used in these guiding regulations istaunable use” which helps installation ITAM
offices develop an overall philosophy for trainifpnd management, as well as identifying
specific methods and approaches for conduct oRfReA, LRAM, SRA, and TRI elements.

Over the last several years the DoD has signifigaatiuced funding for the ITAM program and
is considering eliminating the RTLA program, respibie for monitoring natural resources
within training lands and identifying when, and wheproblems might prevent their use by
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military units, due to a perceived lack of valu€his is largely due to the lack of guidance on
how to balance the often conflicting demands ofenirtraining needs and land management for
a sustainable future as well as the limited autethand/or low-cost monitoring tools in place to
support training land assessments that facilitatagiive land rehabilitation efforts. Current
monitoring practices in place to assist militaryrgnanders with maximizing the availability and
use of training lands are essentially done on d@nhtac” basis without the benefit of a consistent
set of landscape metrics being examined or unifor@hods for interpreting and reporting the
results of environmental assessments. Such a wlalieed approach prevents (1) consistent
descriptions of the condition of military trainimgnds at the installation and national scales and
(2) the ability to implement early and proactivedarehabilitation efforts and to fund those
rehabilitation and maintenance efforts in an effecand efficient manner.

By developing land assessment and management socls,as the rapid erosion assessment tool,
that can take advantage of automated data acquisitid analysis using scripts and geographic
information system (GIS) models, installations csmft available land management funds
toward rehabilitation and mitigation of trainingntis.

7.3 COST ANALYSIS AND COMPARISON

It is difficult to compare the cost of implementitige rapid erosion assessment tool with current
military land management practices for identifyigglly sites because the amount currently
spent is typically dictated by the funding avaibather than installation need. Prior to this
project, all installations located gullies usingtemsive, on-the-ground land surveys. For
installations with significant vegetation, such t@® tallgrass prairie on Fort Riley, gully
locations were often difficult to see requiring g&mnel to traverse the entire landscape at close
intervals to locate gully/erosion problems. A cdetg survey of Fort Riley would take 4 to 6
months and require 600-1000 hours of labor. Bexaighe dynamic nature of training area
damage and erosion potential, these surveys wexdedeon a relatively continuous basis. Using
the rapid erosion assessment tool to identify looatsusceptible to extensive erosion and gully
formation, the area requiring detailed ground sysvie reduced on average by more than 15%
when using the nationally available data sets (1DEM) and 1% when using high resolution
LIDAR data. This significantly reduces the amowttime required in locating gullies and
allows installations to become more proactive ievpenting future gully formation. Additionally
by reducing the cost of locating gullies, instatlas can invest more funds into fixing current
gullies, and more importantly, preventing new gdli
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8.0 IMPLEMENTATION ISSUES

This section provides information to aid in theuiat implementation of the technology at new
installations.

8.1 MODEL PERFORMANCE, INTEGRATION, AND TECHNOLOG Y TRANSFER

Military commanders and Department of Defense (Do&ource managers face the difficult
challenge of maximizing accessibility to ranges &mathing lands to meet mission requirements
while ensuring their sustainable use for futurerappenal demands. Little guidance exists on
how to balance these often conflicting demandsfamdautomated and/or low-cost monitoring
tools are in place to support training land assesssnthat facilitate the prioritization of
rehabilitation work.

Current monitoring practices that might be in place assist military commanders with
maximizing the availability and use of training dsnare essentially done on an “ad hoc” basis
without the benefit of a consistent set of landscayetrics being examined or uniform methods
for interpreting and reporting the results of eommental assessments. Such a decentralized
approach prevents (1) consistent descriptions @fctndition of military training lands at the
installation and national scales and (2) the abitd implement early and proactive land
rehabilitation projects and to efficiently budget future work needs.

The results of this project were largely positiespite not meeting the success criteria for each
performance objective. Future users should be ettt the operational definition of a “gully”
and the positional accuracy of mapped gully locetiogreatly influences the threshold
accumulatedhLS+ values, and other basic measures such as flowrmadation and contributing
area, used to characterize and predict gully lonati Assuming future users at the installations
studied here target gully locations consistent with definition presented in this report, no
evidence was found that would dictate the needalibrate the model prior to implementation.
However, users at other installations would be wis@vest some time in model calibration and
validation prior to using theLS+ model on an operational basis. Another issue riraains
with interpreting model results is the large ratdabse positive gully predictions. Despite the
strong tendency for thelLS+model to overpredict gullies, the area identifiscbaing a potential
gully site is significantly lower than the totalstallation area. This benefits the planning and
execution of field monitoring activities by focugitime and attention on the limited geographic
extent likely to pose a gully hazard.

Use of thenLS+ model in “forecasting” mode illustrated how datanfi recent activities can be
used to predict where gullies might develop in thiure. Though vehicle tracking data is
neither routinely collected by installations noteof made available to natural resources staffs for
use, the technology and procedures for geolocasgh military vehicle at fine spatial and
temporal scales exists and will likely become “diad operating procedure” in the future.
However, use of vehicle tracking data to modifyS+ model inputs illustrates how installations
might approach simulating the impact of other las®luhanges on training lands, such as road
construction, addition of hardened vehicle padgsetimng firing exercises, and the placement of
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agricultural leases. Any planned development thatld change installation topography or
landcover, and its resulting impact on gully erasican be assessed with the model.

Although this project included a comparison rafS+ model results using DEMs of varying
spatial resolutions, the impact of spatial (or temap scale on the generation of model inputs
was not assessed. Direct comparison of model bwigih different resolution DEMs show
comparable results with respect to the spatial ipi@t of gully predictions and modest
improvements in classification accuracy. Perhapsemimportant than resolution is the
“currentness” of model inputs and how well digitapresentations of topography and LULC
reflect actual ground conditions.

Methods for using LIDAR data to generate estimateslanning’sn have been publishee.§.,
Smith et al., 2004). The scientific consensus is that LIDARdsopromise in this effort, but
additional research is needed to document apptepdiata procedures, scales of analysis, and
improvements over traditional and field-derivediraates. Much of the work accomplished to
date focuses on extracting the Chow’s theoreticaghness in feek) from data derived from
the difference of LIDAR-derived digital terrain (IM) and digital surface models (DSM) (Chow
1973, Smith et a., 2004). While an interestingrapph, this resulting measure of vegetation
canopy depth and architecture may be a better astimof rainfall interception than true surface
roughness. It should also be noted, that eacheothiee installations in this study with LIDAR
DEMs purchased only “bare earth” DEM products froomtractors. Including multiple return
data may be useful — for a variety of applicatiensut would result in greater acquisition and
data handling costs.

Should thenLS+ model find widespread use across installationsis itmportant that an
organization be identified to maintain the modeld amake any updates and/or revisions
necessitated by future GIS software versions. Ath wny GIS-based model for which
installation use is expected, theS+ model is an ideal candidate to be delivered to @s®ts as

a Web-based geoprocessing service made availaltlanaintained, by a central environmental
organization.

Results from Performance Objective 4 showed thatguscoregion boundaries to recommend
operational critical thresholds for accumulatdds+ values at other installations would not be
appropriate. Instead, two approaches — Euclidestarete allocation and interpolation — were
used to provide rough estimates of thresholds adtamative to the ecoregion framework. It is
important to note that these values have not bedidated for other installations and that they
should only be used with caution and in cases winstallations are unable to perform their own
nLS+ model calibration and validation. Should thedel itself be maintained by a central
organization, this organization could also assumg&paonsibility for model calibration and

validation if provided with a spatially and templbyaaccurate dataset of gully locations for
partnering installations.

Along with providing for online geoprocessing catliibs, all data products required by the
nLS+ model, and other environmental/sustainabifitiicators, could be stored in a geospatially-
enabled relational database to facilitate accessuwent data by both installations and
centralized management/support organizations. irfgtodata in the geospatially enabled
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relational database supports distributed viewing) edliting by land managers and their staffs, as
well as distribution via mapping and geoprocessuedp services. An example of this capability
is the “Military Training Lands Map Viewer” Web aligation, and its underlying SQL Server
geodatabase, hosted by Kansas State Universitp:/(b#irvices.geog.ksu.edu/frk_rtla) that
provides a shared and real-time decision suppoltéo Fort Riley land managers.

ThenLS+ model represents one tool that is now availableitdary land managers to promote
sustainability by demonstrating the data types,lyéical methods, visualization tools, and
information delivery mechanisms that could becomeatine across installations for assessing
training land condition and trends. One instathlat- Fort Riley — already takes advantage of the
model to assess erosion potential and help plarfoimigeld surveys. For maximum benefit, this
single tool needs to be complemented with otherat thorm a coordinated suite of
environmental/sustainability indicators for key ntoring themes that can be collected,
assessed, and synthesized to help identify whahwduere, sustainable use of training lands is
not being achieved.

8.2 DEFINITIONS AND DATA HANDLING

During the course of this project, it was clearttbanong ITAM personnel there was no
consensus definition for the term “gully.” Wherked to visit gullies during initial site visits,
ITAM staff drove to erosional features varying iizes from ephemeral rills to large ravines.
Contributing to this inconsistency might be theyuag definitions for, and meanings behind, the
terms “gully” and “gap” presented in military litgure.

Related to this definition concern, is the variedys in which installation land managers and
GIS technicians measure and record gully infornmati®atasets ranged in quality from gullies
represented digitally as line features spanning @il most, of the length of the gully and

including complete descriptive attributes such agtll, width, and date surveyed to completely
undocumented point datasets. In no case did tgityy datasets also include FGDC-compliant
metadata

The by-product of this inconsistent definition dadk of required practices and procedures for
recording gullies are datasets that they variedifsigntly in spatial, temporal, and attribute
guality. Clearly these characteristics can greiatiyyence the corresponding accumulatgdb+
values calculated for an individual gully. Despitae in data processing, some of the variation
in model results reported in this study could Helatted to a lack of common definitions and
procedures across installations. The gully debnitpresented in this report, informed both the
agricultural sciences and military mobility restionis, might be considered for official adoption.
So, too, should a set of required minimum attribuie be recorded for each gully instance
including depth, width, and date of survey.

8.3 INSTALLATION ITAM STAFFING

Most of this project was conducted during an exelnvolatile period for installation ITAM
staffs. Frequent changes in ITAM personnel, inicigdITAM directors, and significant
reductions in the number of GIS staff members waga universal issue at each installation
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participating in this effort. While certainly adi@ar in the execution of this project, continued
staffing issues for any installation office intaesb in better understanding the spatial and
temporal dynamics of gully formation will discoumgvidespread adoption and use of model-
based natural resource management tools. Pretteguigr successful implementation include
technical staffs with training in GIS as well asmadistrative leaders who see value in the
approach and can effectively use model output frave land rehabilitation efforts.
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APPENDICES

Appendix A: Initial Project Points of Contact

POINT OF ORGANIZATION Phone
CONTACT Name Fax Role in Project
Name Address E-mail
Hutchinson, Kansas State Tel: 785-532-5580 Co-PI
Stacy University Fax: 785-532-5825
Bio. and Agric. Engr. slihutch@k-state.edu
129 Seaton Hall
Manhattan, KS 66506
Hutchinson, Kansas State Tel: 785-532-3414 Co-PI
J.M. Shawn University Fax: 785-532-7310
Dept of Geography shutch@k-state.edu
118 Seaton Hall
Manhattan, KS 66506
Anderson, Alan| 2902 Newmark Drive Tel: 217-373-7233 US military
Champaign, IL Fax: 217-373-7266 liaison
61822-1076 alan.b.anderson@usace.army.mil
Howland, Mark Bldg 1150 Beaver Tel: 808-655-1597 HI installation
Road mark.howland@us.army.mil | (Schofield and
DPTM PTA) ITAM
Schofield Barracks, H coordinator
96857
Faucette, David Pohakuloa Training Tel: 808-935-0424 PTA LRAM
Area dave.faucettel@us.army.mil coordinator
36 Mile Marker
Saddle Rd
Hilo, HI 96720

Hoffman,
Dennis

Blackland Research
and Extension Centef
720 E. Blackland Rd
Temple, TX 76502

Tel: 254-774-6040
Fax: 254-774-6001

Fort Hood Seniot
Research
Scientist

Sparks, Ruth

AFZJ-PT ITAM
Office
PO Box 105100
Bldg 6109 Southloop
Rd Fort Irwin, CA
92310

Tel: 760-380-3169
Fax: 760-380-3180
ruth.sparks@us.army.mil

Fort Irwin ITAM
coordinator

Westbury, Hugh

Building 6, Room 307
Fort Benning, GA

Tel: 706-545-4208
hugh.westbury@us.army.mil

Fort Benning
Environmental

31905 Compliance
Cohen, Susan Camp Lejeune Tel: 910-451-7900 Defense
Marine Corps Base susan.cohen@usmc.mil Coastal/Estuary
Jacksonville, NC Research
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Program

Woodford, Phil Bldg 77709 Victory Tel: 785-239-8733 Fort Riley ITAM
Road Fax: 785-239-9373 coordinator
Fort Riley, KS 66442 philip.b.woodford@us.army.mi
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Appendix B: Histograms of AccumulatednL S+ Values after Initial Processing
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Appendix C: Histograms of AccumulatednL S+ Values after Secondary Processing
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Appendix D: Histograms of Final Log-Transformed Acawmulated nLS+ Values
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Appendix E: Installation Maps of Predicted Cells anl Gully Density Surface
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Appendix F: Bar Charts of Gully Prediction Accuracy Distances
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Appendix G: Sub-Models of the EnhanceaL S+ Gully Model
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Sub-Model #2: Prepare Surface Roughness
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Sub-Model #3: CalculatenL S+ Accumulation
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Sub-Model #4: Predict Gully Locations
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Sub-Model #6: Prepare Other Model Inputs (Forecagt
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